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Force Program Manager.
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1.0 INTRODUCTION

The development of advanced materials and methods to process these
materials have traditionally played a key role in the evolution of technology
for the aerospace industry. This is particularly true for the gas turbine
engine industry, where the requirements for enhanced temperature capability
with lower specific fuel consumption have continually been upgraded. The
additional realization that raw materials and energy sources are finite has
placed a new perspective on technology developments for this industry. This
new perspective relates particularly to the vulnerability of the U.S. gas
turbine industry in terms ot its heavy reliance upon non-domestic sources for
much of its strategic metals requirements, These considerations are
especially important in a number ot Air Force systems because of the
austenitic stainless steels and nickel-base superalloys used in gas turbine
engines, The questionable future availability of chromium, for example, poses
a potential serious threat to these applicacions. The replacement of
stainless steels and certain of the nickel-base superailoys with a material of
similar properties, but which does not contain strategic elements would be of
lony term benetit with respect to cost and dependence on 1mported chromium,

The 1ron-aluminum based alloys have generated considerable interest for
possible Air Force system applications. The advantage of this class of alloys
includes the potential for non or low strategic element compositions with
outstandiny oxidation resistance and reduced densities compared to
conventional high temperature materials. Previously, these alloys were
investigated extensively 1n the mid-1950's through the early 1960's, but no
significant commercialization occurred because of difticulties with room
temperature ductility, processing and control of microstructure, Recent
developments in the metallurgy of these materials have demonstrated potential
for overcoming these problems. These developments 1include an improved
understanding of iron-aluninum dalloy ordering reactions, rapid soliditication
powder metallurgy technology, an mproved understanding and control of
compaction processes, and 1improved deformation processiny techniques such as
isothermal torging. A need, thus, exists to apply these developments for

prospective Air Force applications.
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The present investigation was conducted, then, to apply these concepts

Cd
-
L
~
-

for improved iron-aluminum alloys for potential Air Force applications. More
specifically, efforts were focused on the Fe3A1 system which exhibits the DO3
ordered crystal Tlattice with particular effort being addressed towards
improving the high temperature strength and room temperature ductility of this
system. The experimental approach involved the screening evaluation of two
experimental series of alloys which then formed the basis for the selection of
a single alloy composition for more compiete properties testing. The alloy
design philosophy was based on the concept of improving strength and ductility
through an investigation of the effects of ternary and quaternary element
additions on the resultant microstructures and changes in the 003382 .
transformation temperatures. Powder metallurgy as well as isothermal forging
processing routes were explored for these experimental alloys.

The results of this study are summarized in this final report. It
includes a review of the program outline to develop iron aluminides, a
discussion of the materials procurement and processing, a summary of the
experimental results, and a discussion of these results and recommendations.
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2.0 PROGRAM OUTLINE

The basic goal of the program was the development of iron aluninides with
improved high temperature strength and room temperature ductility compared to
the baseline Fe3A1 alloy composition. To accomplish this goal, ternary and
quaternary element additions were made to the baseline to establish the
effects on microstructure, ordering temperature, oxidation resistance,
workability, and mechanical properties performance. The study consisted of
two technical tasks and followed the outline presented in the Work Breakdown
Structure of Figure 1. Task I of the investigation involved the preparation
of iron aluminide powders for subsequent study at AFWAL., Task II consisted of
the screening evaluation of two series of experimental iron alumninide alloys
as well as a more complete evaluation of a single alloy designed on the basis
of the screening study. For the Task II portion of this program, TRW was
teamed with Systems Research Laboratories, Inc. (SRL), with SRL responsible
for  in-depth microstructural characterization of the alloys under

investigation.

2.1 Task 1 - Powder for Alloy Development

The objective of this task was to supply iron aluminide powder to AFWAL.
The alloy powders included FeAl, Fe3A1, and twelve ternary alloys based on
Fe3A1. The FeAl and Fe3A1 powders were produced by conventional inert gas
atomization and sieved into various size fractions possessing different
cooling rates, with the smaller particles having faster cooling rates. The
ternary alloy powders were produced by the Plasma Rotating Electrode Process

(PREP) .

2.2 Task Il - Alloy Development Studies

The objective of this task was to study the effect of ternary additions
on FejAl. The was accomplished by an evaluation of two series of experimental
alloys based upon Fe3Al which was followed by a more complete characterization
of an alloy defined on the basis of the results of the first two series of

alloys.



~——

CmnSan nan Sibe ot 5 en s te e A 20 ade Jan Aen A AGaCAe

-

AR iRe AN R R A

. g

ey

9J4N32INJS umopyeaJg NJOM weuboud *T1 3unbi4
uoL3en |eAj uotLienieal UOL3IPN [RA]
uot ez LuabowoH
|
uoLsnuixyl buitbuoy uoLjeplL|osuo)
J0H [euwday3os] uoLsSNJIXJ
140d 3y
{eutd ) 1 1 !
butise) buLise)d
106u] 106u] uo 110z Loy
sjJ40day
widajul [ |
| ﬁMco_umN_gmuummeu sko v sko| v SJapMOd mgmczoa
sjsoday | | _ Aoty 11 satJas 1 salJas X-1¥-34 VACEIRVEE!
£1Yy3juon
[ ] Il L !
_ ] I
saLpnis ~ juawdo |3A3(
uotLjejudundo( Juauwdo |3A3Q Ao ||y Ko |y 40) JapMod
IT1 Asel IT xsel I xse}
| ]

SI0INIWNTY NOYI 40 INIWA0I3A3Q




AL e
allat elal

2.2.1 Series I Alloys

For the Series 1 effort, twenty one alloy compositions (including the
Fe3Al baseline alloy) were produced in powder form and consolidated by hot
extrusion. Some of these alloys were blends of PREP powder with gas atomized
Fe3Al, all produced during the Task I portion of this program, and some were
solely prealloyed PREP powder.

These alloys were characterized with respect to their microstructure and
to the effect the alloy additions had on the critical temperature at which the
DO3-B2 order change occurred. Homogenization heat treatments were developed
for the blended alloys and ordering heat treatments were developed for all the
alloys.

Screening evaluations included mechanical properties characterization,
oxidation testing and workability testing. All evaluations were conducted on
material in the extruded, homogenized (where necessary) and fully ordered
condition. The mechanical properties characterization included tensile tests
at room temperature and 600°C (1112°F). Oxidation tests included long time
exposures in ldaboratory air at 816°C (1500°F). Workability tests included
isothermal upset forging at 954°¢c  (1750°F). Metallographic analysis was
conducted on selected samples to aid in the interpretation of the results.

2.2.2 Series II Alloys

For the Series Il effort, fifteen alloy compositions were produced by
isothermal forging of cast ingots. These alloys were primarily quaternary
compositions and were designed on the basis of the results of the Series 1
alloys. These alloys were characterized with respect to their microstructure.
screening evaluations were conducted on selected alloys and included
four-point bending tests over the temperature range 600-700°¢C (1112-1292°F).

?.2.3 Alloy Characterization

In this portion of the program, a single alloy composition was produced

by hor extrusion of cast ingots. This alloy was a quaternary composition and
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was designed on the basis of the results of the Series I and II alloys. This
alloy was heat treated to obtain the microstructure best suited for optimum

performance.

A comprehensive evaluation was conducted on this alloy to characterize
its mechanical property behavior and to correlate this behavior with
microstructure, The mechanical property tests included tensile, creep
rupture, and axial fatigue tests at elevated temperature. Oxidation
resistance of the alloy was also characterized. Metallographic analysis was
conducted on selected specimens to aid in the interpretation of the mechanical
property results.
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3.0 TASK I - POWDER FOR ALLOY DEVELOPMENT

The objective of this task was to supply iron aluninide powder to AFWAL.
The alloy powders were to include FeAl, Fe3A1, and twelve ternary alloys based
on Fe3AI. The FeAl and Fe3Al powders were produced by conventional inert gas
atomization and sieved into various size fractions to obtain different cooling
rates, with smaller particles having faster cooling rates. The ternary alloy
powders were produced by the Plasma Rotating Electrode Process (PREP).

3.1 Procurement of FeAl and Fe,Al Powders

The Linde Division of Union Carbide Corporation was contracted to produce
the inert gas (argon) atomized FeAl and Fe3A1 powders. A single heat of each

of the alloy powders was melted and atomized and the chemical analyses of
these two heats are presented in Table I. The following shipment of powder
was made to AFWAL.

1

b
|
r
-
. One container of FeAl powder, -60+140 mesh 22.7 kg(50 1b)

One container of FeAl powder, -200 mesh

12.7 kg(28 1b)

One container of Fe,Al powder, -60+140 mesh

3 18.2 kg(40 1b)

One container of Fe3Al powder, -200 mesh 26.8 kg(59 1b)

Optical metallography of polished cross sections and scanning electron
microscopy (SEM) of the FeAl and Fe3A1 powders were performed to examine the
initial microstructure and powder particle characteristics. The powders were
examined in size fractions of -60+140 mesh, -140+200 mesh and -200 mesh.

Photomicrographs are shown in Figures 2-5 for these powders., For the FeAl

Vo
ba
\.
Ib

alloy, Figures 2-4 show satellite formations (smaller particles attaching
themselves to larger particles), particle "capping” (a thin skin formed on
solidifying particles as the result of collisions between relatively cool
particles and still-molten droplets), and the presence of hollow particles.

This alloy is brittle, with numerous examples of grain boundary cracking.
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TABLE I

COMPOSITION OF TASK I - INERT GAS ATOMIZED FE-AL POWDERS

(WEIGHT PERCENT)

Fe3Al

(Lot 111381)

85.8
13.92
0.023
0.015
0.010
<0.01
0.085
0.021
0.025
<0.01
0.027

FeAl

(Lot 111181)

67.9
31.74
0.017
0.025
0.015
<0.01
0.080
0.030
0.045
<0.01

0.026
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Figure 2. SEM {a) and Light (b photos of - elbdd resn s1oe Fedl powder,
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(b)

Figure 3. SEM (a) ana light (b1 photus of -1au+200 mesh size FeAl powder.
100x Maynification,
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Figure 4. StM (e} and Tight Ibr ongtos of —-u nesh s17e FeAl powder.
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Figure 5. SEM (a) and light (b)

nhotos of -140+2010 mesh size Fe?A1 powder.
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This can be observed by the evidence of particle fragments in Figures 2b, 3b,
and 4b. There also appears to be a diffterence in grain structure with
particle size. The -140 mesh particles exhibit a finer microstructure than
the -60 mesh size particles. However, no chemistry variations were observed
by energy dispersive X-ray analysis. Similar general trends were observed in
the Fe,Al powders, Figure 5, particularly the presence of hollow particles and

3
particle “"capping",

3.2 Procurement of Fe-Al-X Powders

The twelve Fe-Al-X ternary alloy compositions prcduced as alloy powder by
the PREP process are listed in Table II. The final chemistries of the ingot
castings used to produce powders are listed in Table III in terms of both

63M12A125
originally cast and a second ingot with the correct chemistry was cast. The

weight and atomic percentages. Alloy Fe was off-chemistry as

castings were machined into stick electrodes for PREP atomization,

At Nuclear Metals, Inc., powder was produced in the short rod rigy. Prior
to the start of the powder making campaign, the rig was thoroughly cleaned to
eliminate the possibility of particle cross-alloy contamination. The twelve
alloys listed in Table IIl were processed sequentially, with chamber cleaning
between runs consisting of sweeping and suction cleaning. The chamber was
under heliun during the PREP runs, but it was exposed to filtered room air
during cleaning. Powder was collected in twc manners for each run: first,
powder was collected in gallon-sized plastic containers while the run was in
progress; dand second, powder collected during chamber sweeping was bagged in
plastic. The former type of powder was sealed under argon, while the latter
was exposed to air and possibly contaminated during sweeping and bagging by
other alloy powder particles from the previous Fe,Al alloy runs. The powder

3
yields were low for these alloys, with the Ti-, Si- and V-containing alloys

producing chunks as well as powder. The chunks were actually pieces of PREP
electrode that broke off due to poor resistance to thermal shock. Grain
bounddary cracking was evident on niany of the stub ends remaining after PREP.
Sooting (creation of ultrafine dust) was evident in most alloys, with
FesoMngAlse alloy causing heavy sooting due to severe casting porosity. The

products of the PREP datomization dre ygiven in Tabie IV tor these alloys. Due

13
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TABLE I1
TASK 1 - FE-AL-X ALLOYS

1. Fe65Ti10A125

2. Fe755110A]15

3. Fe Al

65V107 25

Fe7OCr‘5A125

5. Fe63Mn12A125

Ni, LAl

6. Fe 10725

65

Cu, ~Al

Fe70Cu107 20

8. Fe73Nb2Al25

9. Fe70Nb5Al25

10. Fe72Mo3A125

11. Fe69MO6Al25

Ta, Al .

12. Fe74 1Alog

...............................
...............
.......................



IABLE 111
CHEMICAL COMPOSITION OF TASK I - FE-AL-X ALLOY CASTINGS

Weight Percentage Atomic Percentage
Alloy-Aim Fe Al x fe A X
1. FegeTi oAlog 75.8 13.73 10.20 65.28 24.48 10.24
2. Fe;pSi 4Al ¢ 85.8 8.51 5.45 75.10 15.42 9.49 i:;
3. FeBSVmAI25 76.0 14.01 9.84 65 .64 25.05 9.32 :
4. Fe,nCroAl,. 81.2 13.51 5.04 70.87 24 .41 4.72
5. Fe63Mn12A125 80.1 14.19 5.40 69.68 25.55 4.78
5a. Fe63Mn12A125 72.5 13.63 13.91 63.14 24.58 12.28
6. Fe65N110A125 74.3 13.75 11.74 65.22 24.98 9.80
7. Fe70Cu10Al20 77.2 10.65 11.89 70.38 20.10 9.53
8. Fe, Nb,Al, . 83.2 13.46 3.10 73.68 24.67 1.65
9. FejNbAl,. 78.6 13.13 8.04 71.06 24.57 4.37
10. Fe,,Mo4Al, L 80.6 13.33 5.80 72.24 24.73 3.03
11, FeggMo Al g 75.1 13.16 11.54 68.86 24,98 6.16
12. Fe74Ta1A125 83.5 13.21 3.08 74,69 24,46 0.85
15
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PRODUCTS OF PREP POWDER MAKING OF TASK I - FE-AL-X ALLOYS

TABLE TV

Weight of Weight of
Alloy Powder Sweep Powder
FeeoTi oAl g 2.16 kg 0.07 kg
Fe;5S1,4Al;5 3.75 kg 0.23 kg
Fe65V10A125 2.27 kg 0.23 kg
Fe70Cr5A125 6.36 kg 0.11 kg
Fe63Mn12Al25 3.30 kg 0.11 kg
FegsM HAl, . 5.45 kg -
Fe65NiloA125 4,55 kg 0.34 kg
Fe7OCu10A120 5.91 kg 0.45 kg
Fe73Nb2Al25 5.80 kg 0.34 kg
Fe,oNbAl, 5.57 kg 0.34 kg
Fe72Mo3Al25 5.11 kg 0.34 kg
Fe69M06Al25 5.68 kg 0.51 kg
Fe74Ta1A]25 5.80 kg 0.34 kg

16

Weight of Weight of
Chunks Stub Ends
2.27 kg 2.84 kg
2.16 kg 2.27 kg
1.59 kg 1.27 kg

- 2.61 kg
- 2.05 kg
- 2.50 kg

0.68 kg 2.84 kg

0.05 kg 2.84 kg
- 2.73 kg
0.17 kg 3.18 kg

0.05 kg 3.30 ky

0.11 kg 2.50 kg
- 2.95 kg
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to the low powder yield, it was decided to use these powders to fulfill the
requirements for the Task II - Alloy Development Studies portion of the
program,

Samples of the alloy powders were submitted for metallographic
exanination. Photomicrographs of selected alloys are shown in Figures 6 and
7. Porosity was evident in all alloy powders, both as large centrally located
voids as well as finely dispersed interdendritic porosity. Examples of this
porosity are shown in Figure 6 for the Fe65V10A125 alloy. The alloys
exhibiting a single phase structure included #1(Ti-10 a/o), #2(Si-10 a/o0),
#3(v-10 a/o), #4(Cr-5 a/o),#5(Mn-12 a/o), #6(Ni-10 a/o), #7(Cu-10 a/o),
#8(Nb-2 a/o), #10(Mo-3 a/o)and #11(Mo-6 a/o). An example of a typical single
phase structure is shown in Figure 6, for the 10 a/o V alloy. A second phase
was exhibited in the #9(Nb-5 a/o0) and #12(Ta-1 a/o) alloys. An example of
? this structure is shown in Figure 7 for the 5 a/o Nb alloy.
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4.0 Task II - ALLOY DEVELOPMENT STUDIES

The objective of this task was to characterize the effects of ternary and
quaternary alloy additions on Fe3A1. This was accomplished through a
screening evaluation of two experimental series of alloys which involved 21

compositions (including the Fe,Al as a baseline composition) in the first

3
series and an additional 15 compositions in the second series. As a result of
these efforts, an alloy composition was selected for more complete evaluation

in the Alloy Characterization portion of this task.

4.1 Series I Alloys

For the Series I effort, twenty one alloy compositions (including the
Fe3Al baseline alloy) were produced in powder form and consolidated by ot
extrusion. Some of these alloys were blends of PREP powder with gas atomized
Fe3
solely prealloyed PREP powder, In general, alloy compositions with slow

Al, all produced during the Task I portion of this program and some were
diffusing species, such as Nb, Ta, and Mo, were produced as prealloys.
Screening evaluations included mechanical properties characterization,

oxidation testing and workability testing.

4.1.1 Alloy Selection

Fe3Al is characterized by a sharp decrease in strength at elevated
temperatures. This is due to a phase transformation occurring at a critical
temperature Tc-540 C(lOOOOF), during which the DO3 order is lost. One goal of
the alloy design is to increase elevated temperature strength. This may be
achieved by increasing Tc through the addition of alloying elements. To
examine the alloying effects on Fe3Al, transition metals were utilized in the
design of the Series 1 alloys. Elements from Ti through Ni, Zr, Nb, Mo and W
substitute for Fe in the Fe3A1 lattice without disrupting the 003 order,
although the solubility limits are not known in all cases., Elements Cu, Ge,
and Si substitute for Al atoms in the DO3 lattice, with Cu and Ge having
limited solubility, and Si being completely soluble. On the basis of this
general rationale, the Series [ alloy compositions listed in Tabie V were

designed with the goal in mind to increase Tc in order to improve elevated

20
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TABLE V

TASK I1/SERIES T ALLOYS

A ISP NP SRR SR NP S

21

Alloy Composition Method
I-1 Fe74TilA]25 Blended Fe3A1 and PREP Alloy
1-2 Fe7OT15A125 Blended Fe3Al and PREP Alloy
[-3 Fe70V5Al25 Blended Fe3Al and PREP Atloy
1-4 Fe65V10A125 Prealloyed PREP Powder
[-5 Fe74Cr1A125 Blended Fe3Al and PREP Alloy
I-6 Fe70Cr5A125 Prealloyed PREP Powder
1-7 Fe69Mn6A125 Prealloyed PREP Powder
[-8 Fe63M112A125 Prealloyed PREP Powder
I-9 Fe72N1'3A125 Blended Fe3A1 and PREP Alloy
1-10 Fe65N1'10A125 Prealloyed PREP Powder
I-11 Fe73Nb2Al25 Prealloyed PREP Powder
1-12 Fe7ONb5A125 Prealloyed PREP Powder
[-13 Fe72Mo3Al25 Prealloyed PREP Powder

_ 1-14 Fe69M06A125 Prealioyed PREP Powder

? [-15 Fe74TalA125 Prealloyed PREP Powder

6 [-16 Fe70Ta5Al25 Prealloyed PREP Powder

! 1-17 Fe]z(:usAl23 Blended Fe3Al and PREP Alloy

; [-18 FemCuloAlz0 Prealloyed PREP Powder

g 1-19 Fe,oSiAl,, Blended Fe Al and PREP Alloy
[-20 Fe75515A120 Blended Fe3Al and PREP Alloy
Baseline Fe Al Gas Atomized Powder




temperature strength retention. As part of this evaluation, it was recognized
that the assessment should include the rate and amount of T¢ increase as well

as a definition of solubility limits and the effects of possible precipitation
from solid solution.

The three alloy categories included in the design were:

1) Fey_,T,Al, where the transition metal substitutes for Fe to maintain
DO, order.

2) Fe3TXA11_x, where the non-transition metal substitutes for both Fe
and Al to maintain the DO3 order.

3) Fe3_xTX(A151), where Si substitutes for Al at all Si levels and the
transition metal substitutes for Fe to maintain the DO3 ordered
structure,

Certain of the Series I alloys were designed as prealloyed compositions
while others were designed as blends of prealloyed Task I compositions with
inert gas atomized Fe3A1. The selection was made on the basis of overall
economics regarding the atomization of this large a number of experimental

compositions.

4.1.2 Material Procurement/Processing

4.1.2.1 Powder Atomization

The twelve alloys from the Task I portion of this program served as
master alloys for certain of the Task Il Series | compositions. Additional
heats of alloys (M-6 a/o0 and Ta-5 a/o) were melted and cast to make up the
remainder of the Series [ alloys. These alloys were cast into rod shapes
approximately 55 mm (2 inches) in diameter and approximately 150 mm (6 inches)
long. These castings were centerless ground and processed intuo spherical
powder by the PREP process employing procedures described previously in
Section 3.2. Metallographic analyses conducted on these powders revealed
characteristics similar to those of the Task I alloys. Certain of these

22
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characteristics will be discussed in the following section on Hot Extrusion
Consolidation as pertaining specifically to various characteristics observed
in the as-extruded structures. For the blended compositions, appropriate
powders were blended, using -200 mesh Fe3Al and -40 mesh PREP master alloy
powder. For the completely prealloyed compositions, the PREP powlers were
sieved to remove the +40 mesh fraction prior to use. All sieving and blending
was performed in a glove box under a protective argon atmosphere. e

4.1.2.2 Hot Extrusion Consolidation

]
Consolidation of the twenty one Series [ alloys was accomplished by hot ..;
extrusion. Mild steel tubing with an outer diameter of 6.6 cm (2.6 inches)

T

and an inner diameter of 3.3 cm (1.3 inches) was procured and sectioned into
13.2 cm (5.2 inch) lengths for extrusion cans. The thick wall served to

contain the alloy powders. Nose and tail pieces were machined from mild steel

the alloy powders were avoided. A schematic diagram of the extrusion can

1

bar stock, with an evacuation port being drilled through the center of the I‘!
nose. Tail pieces were welded onto the thick wall tube prior to powder ?
filling. )
]

Based on input from the AFWAL project engineer, a stainless steel foil !i’
liner was inserted into each extrusion container before powder filling. The ":
liner was coated on the outside with magnesia to prevent bonding of the mild ]
steel to the stainless steel, In this manner, excessive tensile stresses h
induced by cooling due to thermal expansion differences between mild steel and 1
]

b

configuration i1s shown in Figure 8.

The filled containers were hot degassed and sealed by electron-beam
welding of the evacuation hole, The chamber of the electron-beam welder was
equipped with a furnace to heat the extrusion cans to 400°¢C (752°F) while the

chamber was being evacuated., Once the temperature and a vacuum of 10-4 torr
were stabilized, the container was sealed. In general, the outgassing rate
began to exceed the evacuation rate at a temperature of approximately 260°C
(500 ,

)
:
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Figure ¢, Schematic illustration of extrusion can contiguration used tor
consutidation ot Task [1/Series | alloy powders.
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The extrusion conditions were:

o Preheat extrusion billet at 1120°C (2050°F) for 90 minutes
0 Preheat extrusion press container and die 400°C (752°F)

o Extrude through a nominal 1.7 cm (0.70 ihch) diameter conical die
(extrusion reduction ratio- 16:1)

0o Cool extruded rod in sand until black

0 Remove extrusion from sand and air cool to room temperature

The extrusion billets were spray coated with a Mg0 lubricant prior to
preheating. With the exception of the 10 a/o V alloy, the extrusion campaign
proceeded without incident. A slight pinging sound was heard during cooling
after the extrusion operation, indicating the possibility of cracking. This
was confirmed during subsequent metallographic examination of the extrusions.
The chemical analyses of the twenty one Series I alloys are presented in
Table VI, which includes the aim chemistry for comparison purposes. An error
was discovered in the blending of the powders for several of the alloys and in
the extrusion can loading for several of the alloys. These errors resulted in
a number of quaternary, instead of ternary alloys. This occurred for alloys
[-6 (Cr-5 a/o0), I-13 (Mo-3 a/o), I-19 (Si-3 a/o) and 1-20 (Si-5 a&/o). In
addition to this, several other ternary alloys were found to be off chemistry
with respect to the desired composition. In particular, Alloys I-5 (Cr-1 a/o)
and [-14 (Mo-6 a/o) were found to contain less than the intended alloy
addition. Preparation of all of these particular alloys was not repeated
because it was felt that meaningful information could be derived from these
compositions which could be applied to the subsequent Series II alloys.

The initial metallographic analysis conducted on the extruded alloys
revealed the presence of particles which appeared to be non-metallic
inclusions. The blended alloys, which contained gas-atomized Fe3Al powder, 1in
particular, contained large numbers of these particles. Interstitial content
analyses were conducted to aid in the possible identification of these
constituents and the results are shown in Table VII. The values, however,
were somewhat lower than had been anticipated on the basis of the apparent

high volume fraction of particles appearing throughout the microstructure. It
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TABLE VI
CHEMICAL COMPOSITION OF TASK II/SERIES I ALLOY EXTRUSIONS o

Weight Percentage Atomic Percentage
Aoy Aim Fe Al X Y Fe A X Y :
I-1  Fe74TilAl25 85.4 13.74  0.50Ti 74.63 24.86 0.51Ti ;
1-2 Fe,Tighl,e 81.2 13.63 5.15Ti 70.3¢  24.44 5.21Ti ;_
1-3  Fe,VeAl,.  80.0 13.70 6.08V 69.55 24.66 5.78V _;
-4 FegVioAl,s 3.2 13.60 13.12V 63.25 24.32 12.43V :
I-5  Fey,CriAl,.  86.2 12.76  0.49Cr 76.19  23.35 0.47Cr .
1-6  Fe, Crghl,,  83.0 13.05 3.51Cr 0.47Mo 72.76  23.70 3.31Cr 0.24Mo ;
17 FegMncAl,.  79.5 14.40  6.02Mn 68.87 25.82 5.30Mn 3
I-8  FegM Al 72.6 13.08 14.26Mn 63.59 23.72 12.70Mn Hi
1-9  Fe,Nighl, 82.0 13.74  3.98Ni 71.79  24.90 3.31Ni %
1-10  FeggNijgAlys 74.6  12.90 12.47Ni 65.92  23.60 10.48Ni ;
I-11  Fej Nb,Al,, 83.2 12.82 3.92Nb 74.22  23.67 2.10ND “f
1-12 FejNogAl,.  78.2 12.45  9.29Nb 71.38  23.52 5.10Mb y
I-13  Fe,,MosAl,. 82.5 14.78 0.58M0 2.12Cr 71.30 26.44 0.29Mo 1.97Cr =
1-14  FeggMoghl,. 811 12.75 4.39Mo0 73.69 23.98 2.32Mo _f
1-15  Fe,,TaAl,c 84.3 12.87 2.68Ta 75.42  23.84 0.74Ta 5
1-16  FejgTaghl,. 69.1 11.74 19.02Ta 69.61 24.48 5.91Ta -
1-17  Fe,,CusAl,, 81.9 11.74  6.33Cu 73.28  21.74 4.98Cu E
1-18  Fe, Cujghl,, 77.8  10.03 12.09Cu 71.25 19.02 9.73Cu :.
1-19  Fe,SiAl,, 86.3 11.96 1.3651 0.21Cr 75.71 21.72 2.375i 0.20Cr 5
1-20  Fe,gSighl,y 85.9 11.10  2.14Si 0.53Cr 75.55  20.21 3.74Si 0.50Cr ?i
Baseline Fe 4l 87.0 12.86 - 76.57  23.43 -

26



TASK VII
INTERSTITIAL CONTENT OF TASK II/SERIES I ALLOY EXTRUSIONS

Carbon Oxygen Nitrogen

Alloy Composition (ppm) (ppm) ~ (ppm)
I-1 Fe,aT1 1Al 120 420 13
1-2 Fe,oTicAl e 130 300 5
[-3 Fe,VeAl ¢ 290 250 13

i 1-4 FecsV) gAlos <100 140 16

? ] I-5 Fe,,Cr Al <100 270 11

: 1-6 Fe;oCrehl e <100 75 <5

; 1-7 Fec gMngAl ¢ <100 <5 <5
1-8 FegyMn, ,Al,¢ 100 130 13
1-9 Fe, NigAl 110 160 12 o
1-10 FegsNi 1 gAlys <100 28 5 iﬁ
1-11 Fe, ND,Al <100 49 5 ii
1-12 Fe, ND Al <100 160 7 7
1-13 Fe,,Mo4Al ¢ <100 60 <5 ?5
1-14 Fep gMog Al <100 62 <5 ii
1-15 Fe, T2 Al 5 <100 130 32 i:
1-16 Fe,oTaghl <100 58 6 ;9
1-17 Fe,,Cughl <100 320 140
1-18 Fe;0Cu1 A0 <100 82 5
1-19 Fe,Si4Al,, 100 300 11
1-20 Fe;gSigAl,, <100 160 11
Baseline Fe Al 170 120 11
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is believed that the inclusions may be principally alumina, which is an
extremely stable compound and may not be entirely reduced by the method of
analysis, a gas fusion technique using a Leeco Determinator, used for this
evaluation.

The as-extruded microstructure of baseline Fe3A1 (transverse section) is
shown in Figure 9. This structure is characterized by an equiaxed ASTM 5-6

grain size as well as the presence of large numbers of non-metallic inclusions.

Both of the Ti-containing alloys were prepared by blending, which
resulted in a non-homogeneous microstructure. An example of this structure is
shown in Figure 10 (transverse section) for the 5 a/o Ti alloy. This degree
of non-homogeneity suggests the need for subsequent homogenization heat
treatments.

The microstructures of the two V-containing alloys are shown in Figures
11 and 12. The 5 a/o V alloy (Figure 11) was produced by blending and
exhibits a non-homogenous microstructure, suggesting the need for subsequent
homogenization heat treatments. A large number of non-metallic inclusions are
also evident in this microstructure. The 10 a/o V alloy (Figure 12) was a
prealloyed powder and suffered severe cracking during cool down from the
extrusion temperature, despite the Mg0 coating. As shown in Figure 12, this
cracking was predominantly intergranular in nature,

The Cr-containing alloys displayed unique features upon metallographic
examination. [In addition to the presence of non-metallic inclusions, regions
of light-etching, ghost-like areas were revealed in the structure of the
blended 1 a/o Cr alloy, Figure 13. These regions of apparent non-homogeneity
did not inhibit the formation of recrystallized grains upon extrusion, as
grain boundaries can be observed to continue through the light-etching areas.
Furthermore, these light-etching areas are present in the prealloyed 5 a/o Cr
alloy, again with grain boundaries being discernable through the areas, Figure
14, The SEM micrograph in Figure 14 indicates that these areas stand above
the well etched matrix. €Energy dispersive X-ray analysis suggests that these
areas may be Cr-depleted.
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(transverse section) showing presence of non-metallic inclusions.
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500X

Light photos of as-extruded V-5 a/o (Alloy i-3) powder blend
(transverse section) showing presence of non-metallic inclusions
and non-homogeneous structure,
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Figure 13 (c). SEM photo of as-extruded Cr-1 a/o (Alloy 1-5) powder blend
{transverse section) showing overlapping of continuous grain
boundaries by non-homoyeneous etching structure.
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Figure 14 (a & b).
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Light photos of as-extruded Cr-5 a/o (Alloy 1-6) prealloyed
powder (transverse section) showing presence of
non-metallic inclusions and non-homogeneous etching
structure,
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Both of the Mn-containing alloys were prepared as prealloyed powders.
The general characteristics of both extruded microstructures were similar,
with each exhibiting an equiaxed grain size with non-metallic inclusions both
within the matrix and decorating prior powder particle boundaries. An example
of the typical structure is shown in Figure 15 (transverse section) for the 6
a/o alloy. The grain size of the higher Mn-alloy was finer than that of the
low M-alloy (ASTM 5 vs. ASTM 4-5) and the matrix appeared to contain fewer
non-metallic inclusions. The distribution of these non-metallic inclusions
appeared to be a function of the dendritic solidification of the PREP powder.

The 3 a/o Ni alloy was prepared as a blend and the as-extruded structure,

shown in Figure 16, indicates considerable non-homogeneity and suggests the
need for post-extrusion homogenization heat treatments. The 10 a/o Ni alloy
was prepared as a prealloyed powder and the as-extruded structure, shown in
i Figure 17, displays an equiaxed ASTM 6 grain size, with a non-metallic
T inclusion decoration on the prior powder particle boundaries.

»j Metallographic analysis of both the Nb-containing alloys revealed that

the as-extruded microstructures were characterized by a uniform second phase
precipitate. The as-extruded structure of the 2 a/o Nb alloy is shown in
3Al resulted in the
formation of fine precipitates in the extruded structure, it was of interest

Figure 18. Because the low solid solubility of Nb in Fe

to determine whether these particles were present in the PREP powder. As
shown in Figure 19, light metallography was unable to resolve the presence of
any second phases in the powder. SEM analysis, however, revealed the presence
of second phase particles measuring at maximum approximately 2 microns in
length and 0.5 microns in width. Figure 20 indicates that these particles
were observed both within the grain boundaries as well as within the
interdentritic regions of the grains themselves. EDAX analysis indicated that
these particles were rich in Nb.

Examination of the as-extruded 5 a/o Nb alloy indicated that the
extrusion operation modified the morphology of the second phase precipitates
observed in the PREP powder. An exa. e of the as-extruded microstructure is
shown in Figure 21. Comparison of this structure with that shown in Figure 22
for the PREP powder reveals that the film type morphology evident in the PREP
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Figure 15. Light photos of as-extruded Mn-6 a/o (AlToy I-7) prealloyed powder ;
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Figure 17, Light photos of as-extruded Ni-10 a/o (Alloy I-10) prealloyed :ﬁ
powder (transverse section) showing non-metallic inclusions o
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Figure 18. Light photos of as-extruded Nb-2 a/o (Alloy 1-11) prealioyed
powder (transverse section) showing presence of second phase
precipitate particles.
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Figure 19. Light photos of PREP Nb-2 a/0 (Alloy 1-11) powder.
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(a) 2000X Magnification
(b) 5000X Magnification
Figure 20. SEM photos of PREP Nb-Z a/o (Alloy [-11) powder showing presence
of second phase precipitate particles in yrain boundary and
interdendritic regions.,
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(a)  SEM Photo at 1000X Magnification

n-7FE0-03 0l M 2-7E0-03 41 29

(b)  EDAX Analysis of Viatrix Region {e)  EDAN Analvsis of Precipitate

Figure 21. SEM and EDAX photos ot as-extruded Nb-5 a/0o (Alloy 1-12) prealloyed
powder (transverse section).
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Figure 22. SEM photos of PREP Nb-5 a/0 (Alloy [-12) powder showing presence i:
of second phase precipitate particles and continuous tilms, A\
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powder was modified to a discrete particle type morphology during extrusion.
The discrete particles (1-3 microns in diameter) are uniformly distributed and
are quite high in Nb, as shown by the EDAX analysis also included in Figure
21. Analysis of the dark appearing microconstituent in Figure 2la indicated
this to be a region of microporosity filled with mounting compound. The
presence of the Nb rich particles suggests that this alloy could potentially
be strengthened by precipitation hardening.

The two Mo-containing alloys were produced as prealloys and exhibited
significantly different microstructures. The structure of the 3 a/o Mo alloy,
shown 1in Figure 23, exhibited a highly non-uniform attack during etching,
indicating chemical inhomogeneity. The presence of Cr was observed, as was
established by the <chemical analyses reported in Table VI, The
microstructural features of this alloy are similar in respects to those
observed in the 5 a/o Cr alloy, shown previously in Figure 14. This may
reflect the fact that the 3 a/o Mo alloy is, in fact, a quaternary, with only
0.3 a/o Mo and 2 a/o Cr. The 6 a/o Mo alloy, shown in Figure 24, exhibited a
homogeneous structure, with an equiaxed ASTM 4 grain size.

Analysis of the Ta-containing alloys indicated that the solubility limit
was exceeded by increasing the Ta level from 1 a/o to 5 a/o. The as-extruded
microstructure of the 1 a/o Ta alloy, shown in Figure 25, exhibits a
particle-free matrix, with considerable evidence of prior powder particle
decoration. Analysis of the as-extruded microstructure of the 5 a/o Ta alloy
indicated that similar to the 5 a/o Nb alloy, a change occurred in the second
phase particle morphology during extrusion of the PREP powder. Specifically,
the film type morphology changed to a discrete type morphology. As shown in
Figure 26, however, the 5 a/o Ta alloy exhibited a duplex type of structure.
This included the discrete type particles as well as the larger irregularly
shaped particles which were retained from the PREP powder shown in Figure 27.
EDAX confirmed that both types of precipitates were rich in Ta, with a
somewhat higher concentration in the larger particies. The shape of the large
particles suggests that they were retained from the cast structure of the
master metal ingot electrodes used for the PREP process. It would seem
unlikely that modification of the extrusion parameters would be effective in
altering the morphology of these larger particles.
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Figqure 23, Light (100X Magnification) and SEM (200X Magnification) photos of :".‘;
as-extruded Mo-3 a/o (Allcy 1-13) prealloyed powder showing
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Figure 24, Light (100X, 500X Magnitication) and SEM (200X Magnification)
photos of as-extruded Mo-6 a/o (Alloy 1-14) prealloyed powder
(transverse section).
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Figure 25.
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Light (100X, 500X Magnification) and SEM (200X Magynification)
photos of as-extruded Ta-1 a/o {Alloy I-15) prealloyed powder
{(transverse sectioun) showing presence of non-metallic inclusions
decorating prior particle boundaries.,
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(a) SEM Photo at 1000X Magnificaton
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Figure 26. SEM and EDAX photos of as-extruded Ta-5 a/0 (Alloy 1-16) prealloyed
powder (transverse section),
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Analysis of the Cu-containing alloys indicated that both alloys exhibited

an equiaxed grain size of approximately ASTM 6-7. The 5 a/o Cu alloy was free
of second phase particles. The 10 a/o Cu alloy, however, exhibited a fine
dispersion of a second phase as well as a film along the grain boundaries,
Figure 28. As shown 1in the high magnification SEM photo in Figure 29a, the
grain boundary regions exhibited a film type precipitate as well as a
precipitate free zone adjacent to the grain boundary. EDAX analysis was
conducted on this structure and the results are also presented in Figure 29.
Analysis of the grain interior (including the matrix and fine precipitates)
compared to the precipitate free zone suggested a slight depletion of Cu in
the precipitate free zone. The grain boundary film appeared to be enriched in
Cu compared to the precipitate free zone, but was approximately comparable to
the Cu content in the grain interior.

Both of the Si-containing alloys were prepared as blends and both
exhibited similar microstructures in the as-extruded conditior. An example of
this structure for the 3 a/o Si alloy is shown in Figure 30. This alloy
exhibited an equiaxed ASTM 5 grain size and a dispersion of non-metallic
inclusion particles.

4,1.2.3 Summary of SRL Studies

TRW was teamed with Systems Research Laboratories, Inc. (SRL) on this
program with SRL responsible for in-depth metallographic characterization of
alloys under study. The SRL efforts are presented in detail in Appendix I. A
summary of their findinas 1is presented in this section and inciudes
homogenization studies, a screening of the DO3-82 transition temperatures (Tc)
for the various alloys as well as a characterization of the precipitation

behavior of the Nb containing alloys.

Homogenization of selected blended alloys (5 a/o Ti, 3 a/o Ni), and the
prealloyed 3 a/o Mo alloy, which was also found to contain Cr, was achieved
via a 11009C (2012°F) hold for 168 hours (1 week). Chemical homogeneity was

confirmed and abnommal grain growtn was not observed in the alloys tested.
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Figure 28. Light photos of as-extruded Cu-10 a/o (Alloy I1-18) prealloyed
powder (transverse section).
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Figure 29. SEM and EDAX photos of as-extruded Cu-1U aso (alloy [-18)
prealloyed powder (transverse section).
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Figure 30.

100X

500X

Light photos of as-extruded Si-3 a/o (Alloy [-19) powder blend
(transverse section) showing presence of non-metallic inclusions.,
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Studies were conducted to establish the effect of the additions on the
transition temperature of the Fe3Al baseline alloy. These efforts included a
determination of whether Tc was higher or lower than 600°C (1112°F) and, 1in
cases where Tc was higher, to determine the approximate temperature range
within which Tc might fall., The results indicated that a number of additions
increase Tc above 600°C (1112°F). Tc increases were observed for the 5 a/o Ti
alloy, the 5 a/o Cr alloy, the 6 a/o Mn alloy, the 12 a/o Mn alloy, the 10 a/o
Ni alloy, the 3 a/o Mo alloy, the 3 a/o Si alloy and the 5 a/o Si alloy. The
greatest increase in Tc was observed in the 5 a/o Si alloy, with the Tc
falling within the range 700-725°C (1292-1337°F) for this alloy. There was
little correlation, however, between 600°¢C (11120F) tensile strength and
changes in Tc wvalues. This suggested that factors other than the
stabilization of the DO3 phase to a higher temperature control high
temperature strength in these alloys.

Characterization of the precipitation behavior of the Nb containing
alloys indicated that these systems offer potential for increased strength at
elevated temperature compared to the Fe3Al baseline alloy. The strength
increase was thought to be associated with the precipitation of a wuniform
distribution of coherent second phase particles. This phase was metastable
with respect to the equilibrium phase having a chemistry Fe56Al19 NbZS’ The
equilibrium phase was found to be isostructural with the known Fe2 Nb phase.
While the 1imit of thermal stability for this phase was not established, there
does appear to be significant potential to exploit this phase for significant
strength improvements in these alloy systems.

4,1.2.4 Homogenization Studies

As shown in Table V, eight of the twenty-one Series | alloy compositions
were prepared by a powder blending approach in which prealioyed powder was
mixed with gas atomized Fe3Al to produce the desired compositions. Oue to the
nature of the hot extrusion consolidation operation, the bar stock was cooled
too rapidly to achieve satisfactory elemental diffusion and, hence, there was
insufficient homogenization of the alloying additions. Homogenization heat
treatments were, thus, investigated for the blended alloys. In addition to
the blended alloys, homogenization was also applied to the 5 a/0 Cr and 3 a/vu
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Mo prealloyed compositions, because of inadvertent mixing during extrusion
billet <canning resulting in the non-homogeneous structures discussed
previously in Section 4.1.2.2. The objective of the homogenization studies
was to develop heat treatments resulting in microstructures suitable for the
subsequent alloy evaluations.

On the basis of studies conducted at SRL, the initial homogenization
efforts included heat treatments in argon at 1100°C (2012°F) for 168 hours
(1 week) followed by cooling in air. These treatments were conducted on
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several selected alloy compositions. Examination of these specimens after the
homogenization treatment indicated that a satisfactory distribution of the
alloying elements was achieved. This was determined from the results of EDAX
analyses conducted at various locations in different grains across the cross
section of specimens prepared from the heat treated material.

In spite of this success in achieving homogenization, certain
microstructural features observed in the heat treated material suggested that
1100°C (2012°F)/168 hours may not be a desirable homogenization treatment.
These features included the occurrence of abnormal grain growth resulting in a
relatively small number of very large (up to 3000 microns) grains throughout
the microstructure, An example of this type of structure is shown in
Figure 31 for the 5 a/o Cr alloy. It was anticipated that this large a grain
size would not offer attractive strength properties. Another feature also
shown in this figure is the occurrence of porosity in the structure. this is
thought to be thermally induced porosity (tip) which is caused by the
coalescence of residual inert gases which are present in hollow powder
particles as well as absorbed on particle surfaces. while the exact effects
of tip upon the strength properties of Fe3al alloys is not well documented, it
was thought desirable to maintain as low a tip level as possible in these
structures consistent with adequate homogenization.

Because of these results, subsequent studies were conducted at lower
temperatures in order to achieve satisfactory homogenization, but eliminate
the condition of abnormal grain growth and minimize the occurrence of tip in
the microstructure. for this work, the 1 a/o cr and the 3 a/o ni alloys were
given a 168 hour (1 week) treatment at 10000C (1832°F) in argon, followed by
cooling in air.
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Figure 31. Light photo of Cr65 a/o (élloy [-6) prealloyed powder homogenized
168 Hours at 11007°C (2012°F). 100X Magnification.
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EDAX analyses of these alloys indicated that the IUOOOC (1832°F)
treatment was successful in homogenizing the elemental distribution tnroughout
the microstructure. This was established by analysis at various locations in
different grains throughout the cross section of the specimens.
Microstructural analysis indicated that the alloys homogenized at IOOOOC
(1832°F) did not exhibit excessive grain growth during the treatment. An
example of this is shown for the 1 a/o Cr alloy in Figure 32, which displays
an equiaxed grain size of approximately ASTM 4-7 (average size of 50 microns).
this is essentially unchanged from that exhibited in the as-extruded material.
tip was observed in both alloys, but was reduced in both pore size and volume
fraction with respect to that observed after the higher temperature heat
treatment .

Samples of each blended alloy were then exposed to 1000% (1832°f) for
one week and examined for chemical homogeneity using Electron Dispersive
Spectroscopy (EDS). These included the blends of prealloyed powder with argon
atomized Fe3Al and the accidental biends of prealloyed Cr/Mo containing
powders. All of the alloys, except the 3 a/o Ni composition, were shown to be

homogenized. This evaluation included analysis of a minimun of five different
grains, along an arbitrary line through a polished metallographic specimen and
comparison of the height of characteristic X-ray peaks of the alloying
elements, Light metallographic analysis indicated that the average
as-extruded grain size and grain size distribution were not measurably altered
by this heat treatment. Thermally induced pores observed in the as-polished
surfaces were generally less than 25 microns in diameter. This lack of
abnormal grain growth and excessive TIP, as compared to homogenized samples at
1100°¢C (2012°F), suggested that the alloys were acceptable for subsequent
evaluations.

The 3 a/o Ni alloy still exhibited significant chemical inhomogeneity
with respect to nickel after the 1000YC (1832°F)/one week thermal treatment.
An  additional heat treatment was, therefore, investigated, including an
exposure at 10500C (1922°F) for one week. EDS analysis indicated that this
heat treatment produced sufficient chemical homogeneity without causing TIP or
abnormal grain growth.
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(a) 100X Magnification

(b) 500X Magnification

Figure 32. Light photos 8f cr-1 g/o (Alloy 1-5) powder blend homogenized 168
Hours at 1000°C (1832°F).
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4,1,3 Screening Evaluations

Screening evaluations were conducted on the twenty-one Series I alloys
which included tensile tests, oxidation tests, and workability tests. The
results of these screening evaluations are presented in the following sections.

4,1.3.1 Tensile Test Results

The program objective included the development of alloy modifications
based on Fe3Al which offer improved room temperature ductility and high
temperature strength compared to the baseline alloy. Tensile screening tests
were performed at room temperature and 600°¢C (1112°F). The blended alloys
were homogenized with the appropriate heat treatment, as discussed in Section
4.1.2.4, followed by a 24-hour hold at 500°¢C (932°F), recommended by SRL to
ensure that complete DO3 ordering was achieved. Prealloys were given only the
ordering heat treatment following extrusion. A schematic diagram of the test
specimen configuration is shown in Figure 33. Single tests were conducted at
each test temperature and the results which are summarized in Tables VIII and
IX include ultimate tensile strength, 0.2% offset yield strength, percent
elongation and percent reduction of area. These data are plotted in bar graph
form in Figure 34, showing the effect that each alloying addition had upon the
most critical properties of the baseline material. These properties are
elevated temperature yield strength and room temperature yield strength and
ductility. Subsequent to testing, one-half of each specimen was mounted and
examined to aid in the interpretation of the data.

4.1.3.1.1 Fe,Al Baseline Alloy

The unalloyed Fe3A1 baseline material exhibited an ultimate tensile
strength of approximately 894 MPa (129.7 Ksi) and a yield strength of 674 MPa
(97.7 Ksi) with ductility values of less than 8% at room temperature.
Examination of the failed test specimen revealed that there was little
deformation of the grains and that separation occurred primarily along the
grain boundaries, Some evidence of cracking along slip lines was also
observed. An example of this structure is shown in Figure 35 which displays
the region near the fracture surface at two different magnifications. The
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TABLE VIII
ROOM TEMPERATURE TENSILE DATA FOR TASK II/SERIES I ALLOYS

Ultimate Tensile 0.2% Yield

Strength Strength % % Reduction

Alloy Composition (MPa) (Ksi)  (MPa) (Ksi) Elongation Area
I-1 Fe74TilA125 878 127.4 725 105.2 1.4 3.1
1-2 Fe70Ti5A125 /85 113.9 736 106.8 0.5 1.8
1-3 Fes0VsAlys (1)
[-4 Fe65V10AI25 (1)
[-5 Fe74Cr1A125 926 134.3 743 107.7 1.7 3.7
1-6 Fe70Cr5A125 638 92.5 261 37.8 4.8 6.2
1-7 Fe69Mn6Al25 (2) 463 67.2 250 36.3 3.4 3.8

(2) 624 90.5 260 37.7 5.2 3.7
[-8 Fe63Mn12A125(2) 222 4é:g 222 32:2 1:9 0_7
[-9 Fe72Ni3A125 (2) 494 71.7 494 71.7 0.2 -
1-10 Fe65N110A125 647 93.9 647 - 93.9 0 0
I-11 Fe73Nb2A]25 1106 160.4 881 127.7 1.7 3.1
[-12 Fe70Nb5A125 (3) 1127 163.5 1049 152.1 - -

(3) 1265 183.4 1052 152.5 0.4 0.6
I-13 Fe72Mo3A125 294 36.8 219 31.8 1.1 2.5
1-14 Fe69M06AI25 205 29.7 205 29.7 0 0
I-15 Fe74TalA125 1049 152.1 818 118.7 3.1 5.5
I-16 Fe70Ta5A125 1299 188.4 938 136.1 1.8 3.1
[-17 Fe72Cu5A]23 945 137.1 898 130.3 0.3 1.0
[-18 Fe70CuloA120 985 142.9 840 121.8 12.1 19.5
I-19 Fe 7551 Al oo (2) 271 39.3 271 39.3 0.3 -
1-20 Fe;551 Al o9 (2) 312 45.3 32 45.3 0.1 -
Basel ine Fe3A1 894 129.7 674 97.7 4.7 6.7

(1} Alloy Not Tested
(2) Specimer ,ciled in Radius
(3) Specimen Failed in Thread Section
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: TABLE IX
: 6000C (1112°F) TENSILE DATA FOR TASK II/SERIES I ALLOYS

Ultimate Tensile 0.2% Yield

P

s Strength Strength 3 % Reduction
. Alloy Composition (MPa) (Ksi) (MPa) (Ksi) Elongation Area
L I-1 FeoaTi Al 305 44,2 302 43.8 44.0 72.6
1-2 FesoTicAl g 259  37.6 252 36.6 45.2 71.3
1-3 FesqVghl,g (1)
1-4 FeggVyoAlps (1)
1-5 Fe,,Cr Al 359 52.0 354 51.3 42.2 71.6
1-6 Fe,oCrehl . 277 40.1 273 39.6 69.4 93.7
1-7 FeggMncAl,. 330 47.8 263 38.1 64.6 83.3
8 1-8 FegaM ,Ale 269 39.0 201 29.2 44.0 65.4
8 1-9 Fe,,NigAl 299  43.4 288  41.8 21.0 34.8
1-10 FegsMi; oAl s 529  76.7 395 57.3 12.6 13.2
1-11 Fe,4Nb,Al 508 72.7 419  60.8 38.3 60.6
1-12 Fe,gNbeAl 523 75.9 434 63.0 39.5 59.1
_ 1-13 Fe,,MoAl 350  50.7 339 49.2 43.1 88.5
- 1-14 FeggMoghAlc 471  68.3 364 52.8 4.0 4.4
- 1-15 Fe,,Ta Al 370 53.7 370 53.7 38.3 77.9
: 1-16 Fe;oTagAl 476  69.1 453 65.7 31.1 57.5
1-17 Fe,,Cughl 5y 171  24.8 171 24.8 0.8 0.7
1-18 Fe;0Cu; 0Alog 175  25.4 170 24.6 1.1 3.0
. 1-19 Fe,Siqhl,, 603  87.4 603  87.4 16.1 38.0
- 1-20 Fe755i5Alog 582  84.4 531 77.0 13.9 14.5
i} Baseline Fe Al 215 31.2 211 30.6 69.2 78.9
; (1) Alloy Not Tested
7. 64
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Fiaure 34  Summary of Task II/Series I tensile data.
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(a) 106X Magnification

(b) 500X Magnification

Figure 35. Light photos ot Fe,Al failed room temperature tensile test specimen
showing structure gear the fracture surtace.
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effect of the impurity particles in the structure could not be established,
but it was observed that secondary cracking did not appear to be associated
with these particles.

This material exhibited an ultimate tensile strength of 215 MPa (31.2
Ksi), a yield strength of 211 MPa (30.6 Ksi) and ductility values in the range
70-80% at 600°C (1112°F). Extensive deformation of grains was observed near
the fracture surface as well as separation along grain boundaries to fomm

large void areas. An example of this structure is shown in Figure 36 for i?

regions near the fracture surface as well as for regions within the specimen i:

. grips. The high elongation and reduction of area values indicated that the - 3
material exhibited high ductility in spite of the presence of non-metallic '!1

"

inclusion impurities.

In the following sections, discussions are presented relative to the

tensile properties of the other various Series I alloys. All tensile !;
failures, unless stated otherwise, were similar in appearance to the baseline ‘
Fe3A1 material shown in Figures 35 (room temperature) and 36 (600°C (1112°F)).

TTEE T,

4,1.3.1.2 Ti-Containing Alloys

Titanium additions were found to be significantly detrimental to room
temperature ductility and afforded only moderate gains in elevated temperature

strength as compared to the baseline material. The room temperature :
elongation was reduced more than three-fold by the 1 a/o Ti addition, and i;]
nearly ten-fold by the 5 a/o Ti addition. Yield strength at 600°C (1112°F) .
was increased by 43% in the case of the 1 a/o Ti addition, and by 20% in the 5 ™S
a/o alloy. ‘q

4.1.3.1.3 V-Containing Alloys

Tensile testing was not conducted on the two V-containing alloys. This
decision was made on the basis of the cracking observed upon extrusion of the
10 a/o V alloy (discussed previously in Section 4.1.2.2) and its poor
performance during oxidation testing {to be described in Section 4.1.3.2). It
was not thougnt that testing of the lower V-content alloy (5 a/0) would
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Figure 36, Light photos of Fe,Al failed 600°¢C (IIIZOF) tensile test specimen ::;
showing structure gear the fracture surface and the grip darea. -~

100X Magnification.




provide useful information for the design of the subsequent second series of
alloys.

4.1.3.1.4 Cr _and Mo-Containing Alloys

The analysis of the effect of Cr and Mo alloy additions on Fe3A1 was
complicated by the inadvertent mixing of Cr and Mo prealloyed powders prior to
extrusion of Alloys [-6 and I1-13. As shown in Table VI, chemical analyses of
the extrusions indicated that the compositions of the four Cr and/or Mo alloys
studied were actually:

Alloy 1-5 0.5 a/o Cr
Alloy I-6 3.31 a/o Cr with 0.24 a/o Mo
Alloy I1-13 1.97 a/o Cr with 0.29 a/o Mo
Alloy 1-14 2.3 a/o Mo

[t was assumed that the small amounts of Mo present in alloys I-6 and
1-13 would have only slight effects upon the tensile properties. The single
alloy which contained only Mo (Alloy I1-14) exhibited a large (73%) increase in
600°C (1112°F) yreld strength, but had nil ductility at room temperature. Cr,
at the 3.3 a/o level, appeared to be a moderate strengthener (29% increase in
yield strength) at 600°¢C (1112°F), while maintaining a room temperature
tensile ductility equivalent to the baseline Fe3A1 alloy. Metallographic
examination of failed test specimens revealed that localized abnormal grain
growth occurred in the other Cr plus Mo alloy (Alloy I-13). As shown in
Figure 37, the grip section of the room temperature tensile specimens
exhibited equiaxed grains of approximately 100 microns in diameter; however,
the microstructure near the fracture surface reveals grains as large as 2000
microns, The presence of only 1-2 grains in the gage section would be
expected to limit ductility and this was, in fact, observed. No cause was
found for the ductility loss shown by the low Cr alloy (Alloy 1-5).

4,1.3.1.5 Mn-Containing Alloys

The room temperature tensile results indicated that Mn additions to the
baseline alloy resulted in the degradation of both strength and ductility
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. properties. The degree of degradation increased with an increase in Mn
3 content. The 600°C (1112°F) tensile results indicated that Mn at the 6 a/o
level was more effective in improving the high temperature strenc*h of the
baseline alloy. This alloy exhibited an improvement of approximately 111% in
yield strength compared to unalloyed Fe3A1 and the ductility levels were
comparable. At the higher Mn level, some increase in yield strength was

observed compared to Fe,Al, but to less than one-half the amount seen in the

3
lower Mn alloy. The high temperature ductility values, however, were inferior
to both the Tow Mn alloy as well as the baseline alloy. Analysis of the failed
test bars revealed microstructural features similar to those presented in

Figures 35 and 36 for the baseline alloy.

4.1.3.1.6 Ni-Containing Alloys

The Ni addition to Fe3A1 at the 10 a/o level resulted in some loss in
ultimate tensile strength and an equivalent yield strength compared to the
baseline material at room temperature, There was, however, no measurable
ductility. Examination of the failed test specimen revealed microstructural
features significantly different from those found in the Fe3Al allov., An
example of this structure near the fracture surface is shown in Figure 38, In
particular, the secondary cracking was observed to be primarily transgranular,
compared to the grain boundary separation observed in Fe3Al at room
temperature, Figure 35,

At 600°C (1112°F) the strength values increased significantly compared to
the baseline alloy, with yield strength being double and ultimate strength
being almost triple that of Fe3Al. Ductility, on the other hand, was
significantly reduced, by approximately 85%, with the 10 a/o Ni addition.
Similar to the room temperature situation, examination of the failed test
specimen revealed microstructural features significantly different from those
found in the baseline alloy. An example of the structure is shown in Figure
39 for regions near the fracture surface as well as for regions within the
specimen grips. Comparison with the structure displayed in Figure 36 for the
Fe 3Al indicates that the grains in the Ni-containing alloy exhibited littie
deformation during this high temperature tensile test. The grains near the

fracture surface are similar in shape to those 1in the grip area and
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(a) 100X Magnification.

(b) 500X Vagniflication

Figure 38. Light photos ot Ni-10 4/0 (Alloy I-10) tailed room temperature
tensile test specimen showing structure near the tracture surtace,
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Figure 39. Light photos of Ni-10 a/o (Alloy 1-10) failed 600°C (1112°F)
tensile test specimen showing structures near the fracture surface
and grip area. 100X Magnification.
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considerable evidence of secondary cracking along gyrain bounddries was
observed adjacent to the fracture surface. These results indicate that the

flow stress in the individual Ni alloy grains is much higher than in the Fe,Al.

3

The blended Ni-containing alloy, at the 3 a/o level, exhibited behavior
similar to the higher Ni-content alloy., Elevated temperature yield strength
was increased somewhat (37%) over the baseline alloy, but not to tne same
degree (87%) of the 10 a/o Ni alloy. Similarly, room temperature ductility
was also drastically reduced at the 3 a/o Ni level.

4.1.3.1.7 Nb-Containing Alloys

At the 2 a/o Nb level, the room temperature yield strength was
3A], but the ductility values
were approximately half those of the baseline. While the strength values for

approximately 23% higher than the baseline Fe

the higher Nb alloy were superior to those of the lower Nb alloy,
interpretation of the data was made difficult by the fact that the higher Nb
specimens failed in the threaded portions of the specimens. This suggests the
possibility of notch sensitivity in this material.

The 600°C (1112°F) tensile results indicated little significant
difference in strength properties between the two Nb-containing alloys. Both
the ultimate tensile strength and the yield strength were improved compared to
the baseline, in that both strength values more than doubled. The ductility
values for both alloys were also similar, but were reduced compared to Fe3Al.
These alloys exhibited similar tensile properties in spite of the differences
in their microstructures. The lower Nb content alloy exhibited a larger grain
size and less of a volume fraction Nb-rich precipitate distribution than the
higher Nb alloy. An example of the microstructures of these alloys near the
fracture surfaces is shown in Figqgure 40. Some g¢grain deformation can be
observed in Figure 404 for the 2 a/o alloy while both alloys exhibited
evidence of separation along the interfaces between the wmatrix and the
precipitate particles, The similarity in tensile properties suyyests thdt
little contribution to strength was provided by the precipitate phases in the
size and distribution displayed in Figure 40. The strengthening eftects in
the Nb alloys can, thus, be attributed principally to solid solution
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Figure 40. Light phot85 of Nb-=2 a/o (Alloy I-11) and Nb-5 a/o (Alloy I1-12)
failed 600°C (1112°F) tensile test specimens showing structure near
the fracture area. 500X Magnification.
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strengthening. As was pointed out in the discussion of the SRL results in
Section 4.1.2.3, some potential does exist in these alloys for enhanced
strengthening by heat treating to produce a coherent precipitate phase.

4,1.3.1.8 Ta-Containing Alloys

The room temperature properties indicated that at the 1 a/o Ta level, the
yield strength was approximately 21% higher than the baseline and the
ductility was comparable to the baseline. The 5 a/o Ta alloy exhibited a
strength increase of about 39% over the baseline, but was approximately half
as ductile.

The Ta alloys exhibited the same property trends at 600°C (1112°F) as
were observed at room temperature, in that the higher Ta alloy exhibited
higher strength, but lower ductility than the lower Ta alloy. At the higher
Ta level, strengths were more than double those for Fe3Al, but with only
one-half the ductility. Metalliographic examination of the high temperature
tensile test specimens indicated that the structure of the low Ta alloy was
similar to that presented in Figure 36 for the baseline alloy, while the
structure for the high Ta alloy was similar to that presented in Figure 40b
for the 5 a/o Nb alloy. The low Ta alloy exhibited no second phase
precipitation, but did exhibit grain deformation near the fracture surface
accompanied by separation along the grain boundaries to form large void areas.
The high Ta alloy exhibited extensive second phase precipitation as well as
separation along the interfaces between the matrix and the Ta rich particles,
including the larger particles retained from the powder prcduction process.
Because of the presence of these large particles, there appears to be little
Tikelihood that significant change in the particle morphology can be achieved
for this particular composition by heat treatment.

4.1.3.1.9 Cu-Containing Alloys

The room temperature tensile properties of the 10 a/o Cu alloy exhibited
a 24% increase in yield strength coupled with a 150% increase in ductility.
The presence of a film at the grain boundaries and a precipitate free zone

near the grain boundaries are most likely responsible for this large increase
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in ductility. The major effect of the Cu addition at high temperature was a
significant (95%) reduction in ductility. Exanination of the failed test
specimen indicated that grains in this alloy exhibited little deformation
auring testing and that separation occurred along the grain boundaries. An
example of this structure is shown in Figure 41. The presence of the Cu rich
film resulted in premature failure along the grain boundary areas.

The biended 5 a/o0 Cu alloy exhibited behavior similar to that seen

previously for the prealloyed 10 a/o Cu alloy, with the exception that the
room temperature ductility was significantly inferior to that of both the
baseline as well as the 10 a/o alloy.

4.1.3.1.10 Si-Containing Alloys

The two blended Si-containing alloys exhibited nearly identical tensile
properties. While Si additions provided the greatest strength enhancement at
600°C (1112°F) (nearly a three-fold increase in yield strength compared to
Fe,Al), this was accompanied by nil ductility at room temperature for both

3
alloys.

4.1.3.1.11 Summary of Tensile Test Results

The Series I alloys exhibited either single or two-phase microstructures.
The two-phase alloys included the Nb, Ta, and Cu-containing alloys. All other
additions resulted in single-phase microstructures.

4.1.3.1.11.1 Two-Phase Alloys

Both Nb-containing alloys exhibited a distribution of Nb-rich particles
(typically 1-3 microns in diameter) which were traced back to precipitate
films found between dendrite arms in the individual powder particles. The
relative coarseness of these precipitates apparently prevented the second

phase from providing significant strengthening as evidenced by the similar
strength values of the two Nb-containing alloys, although the volume fractions
of the second-phase particles were significantly different. As a solid
solution strengthening addition, Nb resulted in significant yield strength
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Figure 41. Light photos of Cu-10 a/o (Alloy 1-i8) tailed 600Yc (11127 F)

tensile test specimen showiny structures near the fracture surtace
and yrip areas., 10UX Magniticdation,
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increases at elevated temperature (105%). Room temperature ductility was
reduced from 3-10 fold. Two thread failures in the 5 a/o Nb alloy indicated
that a notch sensitivity problem may exist.

The Ta-containing alloys behaved somewhat similarly. The 5 a/o alloy
exhibited a bi-modal distribution of precipitates. The 1-3 micron particles
were observed, as in the Nb alloys, as well as larger elongated particles
which were traced to the cast electrode bar used to produce the PREP powder.
This suggests that gross segregation occurred on solidification of the bar,
and there was insufficient superheat during the PREP process to melt these
regions. Therefore, the Ta rich regions were spun off the stick in a solid or
semi-solid state and were frozen within the powder particles. The low (1 a/o
Ta) alloy, apparently, did not exceed the solid solubility limit and, thus,
was tested as a single-phase alloy. This afforded a comparison of the effect
of the solid solution strengthening capability of Ta. It was shown that Ta is
a potent strengthener (with a 115% yield strength increase exhibited by the
high Ta alloy) at elevated temperatures and, more importantly, did not cause
as significant a loss (33%) in room temperature ductility as was observed for
the Nb-containing alloys. This combination of properties was unique among the

prealloys tested.

Both Cu-containing alloys exhibited poor elevated temperature properties
which can be attributed to weakened grain boundaries.

4,1.3.1.11.2 Single-Phase Alloys

The single-phase alloys, as a group, exhibited, with a few exceptions,
either substantial high temperature strength improvement or acceptable room
temperature ductility, but not both., The 6 a/o Mn alloy was one of the
exceptions in that it exhibited a 25% increase in yield strength at 600°C
(11120F) while maintaining attractive elongation at room temperature. The 12
a/o Mn alloy was weaker and less ductile than the 6 a/o alloy. However, both

alioys exhibited a greater than two-fold drop in room temperature strength as

compared to the baseline alloy.
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~ Mo was shown to dramatically increase the elevated temperature strength
i over the baseline, but, at least at the 2.3 a/o level, resulted in nil
? ductility. As in other nil ductility alloys, this alloy exhibited premature
™ tensile failure at room temperature. Therefore, the room temperature ul®imate
i strength was lower than the 600°C (11120F) ultimate strength.
A Cr at the 2-3 a/o level along with small amounts of Mo (0.2-0.7 a/o) was
. shown to enhance elevated temperature yield strength somewhat (29%) while
" maintaining the inherent room temperature ductility of the baseline. This was
. the only alloy, besides the 6 a/0 Mn alloy, which did not exhibit reduced room
g temperature ductility compared to the baseline alloy.
4,1.3.2 Oxidation Results
& Oxidation testing was performed on the Series [ alloys to determine 1f
g any of the alloying additions significantly degraded the inherent oxidation
resistance of the baseline Fe3Al. The evaluation was performed in two runs.
The first run included all the prealloyed extrusions which did not require
homogenization heat treatments, but were given the 500°¢ (9320F)/24 nour
ordering heat treatment. The second run included all the alloys which were
; not chemically homogeneous in the as-extruded condition. These alloys were

exposed to the homogenization heat treatments described previousty in Section
4.1.2.4 and then the ordering heat treatment prior Lo the initiation of
testing. The specimens in both runs were identical and consisted of a right
circular cylinder 0.66 cm (0.25 inch) in diameter by 1.3 cn (0.5 inch) high.
Samples were weighed on a laboratory analytical balance with a precision of
nominally 0.0002 grams before and after exposure to scatic laboratcrcy ir in a
box furnace held at 816°C (1500° F).

During the first run, all specimens were removed from the furngce and
reweighed at 24, 96, 240, and 48C hours. The intent uf tnis evaludllon wds to

determine the parabolic weight constant for each afloy and compare it with that

g’ of the baseline. However, only a few alloys demonstrated paiabolic weicht
. gains. Most of the alloys, including the baseline teafl, showed weignt
losses. For these reasons, parabolic rate constants were ol computed | andg
the second oxidation screening run, conducted oo the Ulovded ooy 0 was
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limited to a single weighing after a 240 hour hold at 816°C (ISOOOF) in static
Taboratory air.

v

The data for both runs is tabulated in Table X and includes the results
for the 240 hour exposure. The 1 a/o Cr and 3 a/o Si alloys were not tested
because of material shortages. The 3 a/o Ni alloy was not tested because of
the delays in the establishment of the proper homogenization heat treatment

T EETYY Y Y T Y

for this particular alloy. Since alloys containing greater amounts of these
particular elemental additions did not exhibit a degradation in oxidation

v

resistance compared to the baseline, it was assumed that the alloys which were

not tested would have behaved similarly.

A photograph of the prealloyed samples after 96 hours exposure to 816°C
(ISOUOF) is shown in Figure 42 and indicates the relative oxidation resistance
of the prealloyed specimens. The 10 a/o V alloy was degraded rapidly, while
the other alloys, including the baseline, evidence little or no oxidation
reaction products. This observation was supported by the weight yain data,
Table X, which indicated that most of the alloys exhibited weight chanyes
which were comparable to the baseline alloy.

T P

Figure 43 compares the alloy containing 5 a/o Ti tu the lU 4/0 V alloy <
and to the baseline. In this photograph, the Ti alloy is shown after 240
hours exposure while the V alloy and the baseline are shown after 480 hours.
The V alloy has undergone catastrophic oxidation with the result that little
sound, unoxidized, material remains. Apparently, V at this level not only
prevents the formation of a coherent alumina film, byt accelerates the
oxidation kinetics as well. The Ti alloy exhibited a thick scale and a large

increase 1in weight. The specimen surface was andlyzed by SEM/EUS, and as
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shown in Figure 44, was found to be principally 1ron oxide, [t appedrs thdt

Ti, at the 5 a/o level, prevents the formation of a coherent aluing layer,

The baseline alloy, shown in Figure 43, was representative ot the alioys which

did not experience significant weiyht changyes.

Alloy 1-14 (actual Mo content of 2.3 a/0) experienced a moderite weich’
loss (-3 wmy/an?) which was related to a slight ncrease n the amount ot

scale observed on the specimen surface as conpdared to the baseline material,
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TABLE X

OXIDATION RESULTS FOR TASK II/SERIES I ALLOYS

Alloy Composition
[-1 Fe74TilAl25
[-2 Fe7OTi5Al25
[-3 Fe70V5A125
1-4 FegcVi0AlHg
1-5 Fe74Cr1A125
[-6 Fe;CugAl,
[-7 Fe69Mm6Al25
[-8 Fe63Mﬂ12A]25
[-9 Fe72Ni3Al25
[-10 Fe65Ni10A125
[-11 Fe73Nb2Al25
[-12 Fe70Nb2A125
[-13 Fe72Mo3Al25
[-14 Fe69Mo6A125
[-15 FeMTalAl25
[-16 Fe7UTa5A125
1-17 Fe72Cu5A|23
[-18 Fe70Cu10A120
[-19 Fe755i3A122
[-20 Fes5S15A120

Baseline Fe3Al

D e St S R N P
et el a et ey e e e e e o

VTV VS VRVEUR Ve |

Specific Weight
Aftgr 10-da¥ (2
816 C {1500 °F)

Change (10 -3 g/cmz)
40 Hours) Exposure to
Laboratory Air

0.0
+9
Not
Dec
Not
-0.
-0.
-0.
Not
+0.,
-0.

-0.

-0

Not

.6

Tested
omposed
Tested
25
71
96
Tested
25
47

03

.13
.03
.67
.32
.80

.19

Tested

-0.06

-0.
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#4 (10%V) #12 (5%Nb)

Y Y Y Y VY v T v T

#7 (6%Mn) #15 (1. Ta)

LiP P i 8

#8 (12%Mn) #16 (5%Ta)

#10 (10%Ni) #18 10%Cu)
oLy

#11 (2%Nb)
#21 (Baseline

Fe3Al)

Figure 42. Phogograph 8f prealloyed Task I/Series I Alloys after exposure to
816°C (15007F) Air for 96 Hours.
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Figure 43. Photograph of selected Task I/Series [ Alloys showing effect of
a\lgying adgitions on oxidation resistance after exposure to
816°C (1500°F) Air. 2X Magnification.
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The degradation of oxidation resistance is much less four this alloy than for
either the 5 a/o Ti or the 10 a/o V alloys.

In summary, dranatic changes in oxidation behavior were observed for only
two alloys. Only the 5 a/o Ti and the 10 a/o V alloys exhibited extensive
oxidation. The only other alloy not emulating the oxidation behavior of Fe3Al
was Alloy I-14 (actual Mo content of 2.3 a/o). Apparently Ti and V, when
present in sufficient quantities, prevent the formation of a coherent aluninum
oxide layer. Mo alloys may exhibit similar characteristics, but to a far
lesser degree.

4.1.3.3 Workability Results

In order to determine the effect of alloy additions on the workability ot
Fe3Al, sanples of extruded plus ordered prealloys and extruded plus homogenized
and ordered blends were upset forged. A sample of each alloy was machined into
a barrel shape and isothermally forged between unlubricated flat platens at
954°¢ (1750°F) and at a strain rate of 8 inch/inch/second in vecuunm. The
preform configuration and an as-forged specimen are shown in Figure 45. These
parameters were selected as representative of typical forging conditions
employed within industry and were intended to offer a preliminary indication
of the relative workability of the various alloys. The work was performed by
Deformation Control Technology wusing an MTS apparatus located dat the
University of Pittsburgh,

Each test generated a plot of applied load versus cylinder height for the
alloy. A typical plot is shown in Figure 46 for the 2 a/o Nb alluy. tdch
compact was evaluated metailographically to establish the extent ot cracking
as an aid in the interpretation of the results,

Deformation studies were conducted in two lots with the initial studies
beiny conducted on the prealloyed compositions and subsequent studies beiny
conducted on the blended alloys. Microstructural examination ot the upset,
prealloyed specimens revealed that small amounts ot residual steel extrusion
can remained on portions of some specimers, This made it necessdary to reduce

the diameter of the'extruded bar approximately 104 1n order to ensure that al
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Figure 45. Photograph of Fe3Al
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of the can had been removed prior to homogenization of the blended materials. 5
This, in turn, resulted in slightly smaller samples and a reduced load
carrying capability which was considered during computation of the deforination

< loads. -

The data gathered during both sets of tests are summarized in Table XI. iy
Note that those alloys exhibiting very low tensile ductility at elevated
temperature (10 a/o Ni, 5 a/o Cu, 10 a/o Cu, and 3 a/o Si) were omitted from
the evaluations because poor workability was anticipated. The load to deform
the samples 10% in height was determined from the applied load versus cylinder
neight plots. This load can be considered as being proportional to a relative :;
flow stress since the two lots were normalized with respect to the different
sample sizes. The deformation loads indicated that for this particular test
temperature, 954°¢ (1750°F), the alloys could be grouped into three categories. f}

The first category included single-phase alloys (1 a/o Ti, 5 a/o Ti,5 a/o
Cr, 6 a/o Mn, 12 a/o Mn, and 3 a/o Mo} which all deformed 10% underloads less
than or similar to the baseline Fe3Al alloy. This corresponded well with the
elevated temperature tensile data which indicated that all of these alloys
- exhibited approximately the same ultimate tensile strength as the baseline.

The second category included the 6 a/o Mo, 1 a/o Ta, and 5 a/o0 Si alloys,
which deformed 10% at loads 33-50% higher than the baseline alloy. Again,
this data corresponded well with the elevated temperature data. The group of
alloys included three of the most potent elevated temperature solid solution
strenythening alloy additions (Mo, Ta, and Si, respectively) of the Series I

compositions.,

The third category included second phase containing 2 a/0 Nb, 5 a/o Nb,
and 5 a/0 Ta, which deformed 10% at loads approximately twice that of the
baseline, These data also agreed with the tensile data for these two-phase

alloys. -

-
-
-
-
.

A relative workability ranking was made on the basis of the prevalence R
and si1ze vt the cracks observed alony the circunference of the forged compacts

relative to the baseline alloy. This rankiny is also included in Table XI. A
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TABLE XI
WORKABILITY RESULTS FUR TASK TI/SERIES T ALLOYS

ISOTHERMALLY FORGED AT 954°C (1750°F) AND 8/SECOND

Load to Upset External Cracking
Alloy Composition Sample Heights 10% (Relative to Baseline)
Xg_ Pounds

[-1 Fe74TilA125 502 1106 Similar
[-2 Fe70T15A125 631 1389 Similar
1-3 FesVsAl,e (1) -
I-4 F865V10A125 (1) -
1-5 Fe,,Cr Al (2) -

' [-6 Fe70Cr5A125 591 1302 Worse

. I-7 Fe69Mn6A125 755 1662 Similar
1-8 Fe63Mn12Al25 681 1500 Similar
-9 Fe, NijAlL, (3) -
[-10 Fe65N110A125 (4) -
I-11 Fe73Nb2A125 1323 2913 Similar
[-12 Fe70N5A125 1353 2981 Similar
[-13 Fe72M03A125 654 1441 Wor se
[-14 F869M06A125 1039 2289 Similar
[-15 Fe74leA]25 926 2040 Much Worse
[-16 Fe7OTa5AI25 1407 3100 Worse
1-17 Fe72Cu5Al23 (4) -
1-18 FemCulOAl20 (4) -
1-19 Fe7SSi3A122 (4) -

1-20 Fe 7551 5Al 20 1021 2249 Similar

- Baseline FesAl 641 1500 Basel e
(1) Not Tested - Alloy cracked as extruded
{(2) Not Tested - Material shortaye
(3) Not Tested - Homogenization delays
(4) Not Tested - Very low 6000C {11120F) tensile ductiiity

an
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"similar" ranking was given to those alloys exhibiting cracks similar to those
observed on the baseline compacts. These cracks were typically 0.002-0.01 cm
{0.001-0.005 inch) in width,

A "worse" ranking was given to those alloys exhibiting more cracks per
unit of surface area or a similar nunber of cracks which were significantly
larger than observed on the baseline samples. These were cracks typically
larger than 0.0 cm (0.005 inch) wide. The cause of this increased cracking
could, 1in most cases, be traced to m zrostructural features not found in the
beseline material. The cause of cracking in the 5 a/o Ta alloy was related to
the presence of large second phase particles. Figure 47 shows that cracks are
associated with the interfaces between these particles and the matrix. The
cause of the cracking in alloy [-13 {(a Cr + Mo containing alloy) was related
to the presence of a few very large grains 1in this alloy. This
microstructural feature was caused by localized abnormal grain growth during

the homogenization heat treatment.

The single "much worse" ranking was applied to the 1 a/o Ta alloy which
exhibited a large number of very large cracks. These cracks were 0.07-0.13 cm
(0.0.030-0.060 1inch) wide. Microstructural examination indicated that this
single phase alloy contained more than the usual amount of oxide stringers.
Figure 48 displays sections both transverse and longitudinal to the forging
direction, Cracks can be observed opening up along the oxide stringers.
These stringers did not s:gnificantly affect the tensile results presumably
because the tensile tests were performed with the loading axis parallel to the
extrusion {and, therefore, stringer) orientation. QOuring the upset forging,
however, the circunterence of the sample was loaded in tension perpendicular

to the stringer orientation resulting in extensive cracking.

In sumnary, the workability results indicated that the detormation loads
of the various alloys were a strong function ot composition. For a nunber of
alloys, the luvads required to accomplish a 104 detormation were generally
similar to that for the baseline FesAl alloy. For alloys containing potent
solid solution strengthening additions (Mo, Ta, and Si), the deformation loads
were increased by approximately 33-50% compared to the baseline. For the two

phase alloys (2 a/o Nb, 5 a/0 Nb, and 5 a/o0 Ta), deformation Toads were deuble
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Figure 47, Light photo of Ta-5 a/o (Alloy 1-16) hot deformation specimen

(longitudinal section) showiny cracking near precipitate/matrix
interface.
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Figure 48, Light Photos of Ta-1 a/o (Alloy 1-15) hot detourmation specimen
(a-transverse section, b-tongitudinal section) showiny cracking
associated with non-metallic inclusion stringers.
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that for the baseline alloy. A workability ranking was made relative to the

cracking tendency observed in the baseline alloy and, in general, the alloy
additions did not siynificantly alter the workability characteristics. In
those instances where the workability was deygraded, it was possible to
identify microstructural features not present in the baseline alloy as the
probable cause for the degradation., These microstructural features included
the presence of large second phases (in the 5 a/o Ta alloy), abnormally large
grains (in the Cr + Mo alloys), as well as extensive oxide stringer formations
(in the 1 a/o Ta alloy).

4,1.4 Series I Summary

The Series 1 alloy studies included twenty alloys in addition to the
baseline material, Fe Al. These included ternary additions of ten elements at
two levels each, as shown in Table VI. Note that four of the alloys were
actually quaternary due to inadvertent mixing of the powders prior to the hot
extrusion consolidation operation. Screening evaluations including oxidation,

workability, and tensile property tests were conducted on these alloys.

For the oxidation testing, samples were held at 816°C (ISOUOF) 480 hours
in laboratory air. Visual and weight gain results indicated that only two
alloys (5 a/o Ti and 10 a/o V) exhibited significant degradation compared to
the baseline alloy.

Workability testing, involving upset isothermal forging at 9549¢ (1ISUOF)
indicated that none of the alloying additions adversely affected the
workability of the baseline material. However, microstructural features such
as stringers of inclusions and large second phase particles uvershadowed
compositional differences in a few alloys.

The prime objective of this program was to enhance the elevdted

temperature strength of the baseline alloy without degrading the room

temperature ductility. The results ot tensile testiny performed both at room

temperature and at 600°¢ (11129F) are shown n Tables vII[ and [X, Room

temperature ductility was generally sacriticea  tor superior  elevated

temperature strength in  the case ot alloye contyining Mo, N1, or S,
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Quaternary alloys containing Mo and Cr showed promise in that usable ductility
was maintained at room temperature while elevated temperature strength was
enhanced. The two phase alloys (Nb and Ta) also showed improved elevated
temperature strength while maintaining some of the baseline ductility. This
strengthening apparently was due primarily to solid solution effects since the
properties could not be related to the volume fraction of precipitates. This
indicated that a potential exists for further strengthening via refinemnent of
the precipitate size. Researchers at SRL determined that the 2 a/o Nb alloy
could indeed be erther strengthened by heat treatment. The SRL heat
treatment consisted of a solution treatment with a water quench, plus a aginy

treatment.

4.2 Series [I Alloys ‘

For the Series Il effort, fifteen alloy compositions were produced by Qi
isothermal forging of cast ingots. These alloys were primarily quaterndry

compositions and were evaluated by four-point bending tests.

4.2.1 Alloy Selection

Based on the Series | evaluations, fifteen additional compositions, as
shown in Table XII, were selected for further evaluation in Series II. These
were primarily quaternary alloys, and included combinations of one of the
non-embrittling additions with one of the strengthening additions, with the
intent of achieving both enhanced elevated temperature strength and acceptable
room temperature ductility. These Series Il alloys were grouped into three
categories, (Cr series, Ta series, and Nb series), each designed to evalute a

specific area of interest.

The Cr series was intended to be wholly single phase quaternaries. Cr

did not show a tendency to emnbrittle the baseline (as long as abnormal grain
growth is avoided) and Mo was shown to provide solid solution strengthening at
elevated temperature. The principal objective was to bracket the optimal ratin
of Cr to Mo in terms of elevated temperature strength and room teiperature

ductility.
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TABLE X11

TASK TI/SERIES T1 ALLOYS

{Atomic Percentaye)

Alloy Chromiun Series - Single Phase
[1-1 Fe - 25 Al -1 Cr -1 Mo
I1-2 Fe - 25 Al =1 Cr -2 Mo
I1-3 Fe - 25 Al -4 Cr - 1 Mo
11-4 Fe - 25 Al - 4 Cr - 2 Mo

Tantalum Series - Single-Phase

I1-5 Fe - 25 Al - 0.75 Ta - 1 Mo
11-6 Fe - 25 Al - 0.75 Ta - 2 Mo
11-7 Fe - 25 Al - 0.75 Ta - 0.50 Nb
11-8 Fe - 25 Al - 2 Ta
“
Niobiun Series - Two-Phase i
11-9 Fe - 25 Al - 1 Nb - 2 Cr R
11-10 Fe - 25 Al - 1 Nb - 0.50 Ta ‘
11-11 Fe - 25 Al - 1 Nb - 1 Ta k
11-12 Fe - 25 Al - 1 Nb - 2 V |
11-13 Fe - 25 Al -2 Nb - 1 Cr
11-14 Fe - 25 Al - 2 Nb - 0.50 Ta
11-15 Fe - 25 Al - 2 Nb - 1V
279
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The Ta series was intended to evaluate the solid solution strengthening

b

f

E potential ot Ta-Mo and Ta-Nb additions, based on the high elevated temperature
strength of the single phase Ta alloy of Series I. Nb and Mo additions to

: this ternary would be expected to further enhance elevated temperature

v strength, The single ternary alloy (2 a/o Ta) was intended to evaluate an

al'oy with Ta content intermediate between the two alloys studied in Series I.

This was necessary because the leaner (1 a/o Ta) alloy was single phase and

the richer (5 a/o Ta) alloy contained large amounts of second phase which

could not be solutioned via heat treatment.

The Nb series was intended to result in essentially two phase alloys.
The 2 a/o Nb alloy was found to have significant precipitation potential.
However, it was established that the strengthening phase was metastable at
700°¢C (1292°F). The Cr, Ta, and V additions were selected in order to
evaluate their effect on precipitate stability as well as mechanical
properties. Other work at AFWAL has shown that small additions of V have been
shown to impart ductility to iron aluminides. The Series 1 results suggested

that Cr may have a similar effect.

4,2.2 Material Procurement/Processing

4,2.2.1 Ingot Casting/Homogenization

In order to evaluate the Series Il compositions, new test stock was
produced. It was determined that producing test stock by casting ingots and
forging these ingots to refine the microstructure was more expedient in terms
of time and cost than the P/M process routing used for Series I. While the
P/M routing would be expected to produce a more refined microstructure in
terms of grain size and the size and distribution of any second phase, it was
anticipated that by proper selection of Thermo-Mechanical Processing (TMP)
parameters, the cast plus forge routing would produce a satisfactory
structure, The process, thus, selected included casting small ingots,
enhancinyg their chemical homogeneity via heat treatment, and upset forging to

refine the microstructure.
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Materials were procured to produce the Series Il alloys and casting molds
were prepared using standard aerospace investment casting mold preparation
procedures. The charge compositions {(by weight) are listed in Table XII!I, A
1 kg (2.2 1b) total charge was used for each alloy. The charge was placed in
a ceramic crucible in a vacuum induction furnace. The chamber was evacuated
to 30 microns, backfilled with argon, and re-evacuated to 30 microns, after
which power was applied to the induction coil. The charge temperature was
monitored optically and with a shielded thermocouple. After 15-20 minutes of
heating, the charge typically had reached 1610-1620°C (2930-2950°F).  The
molten charge was held in this superheated condition for five minutes while
inductive stirring was taking place in order to improve homogeneity of the
melt. The melt was then poured into a cold ceramic mold. The temperature at
time of pour was typically 1600-1605 C (2910-2920 F). Use of both the five
minute hold and the use of a cold mold were developed during initial casting
trials, It was determined that the charge was not fully homogenized without
the five minute hold as evidenced by unmelted portions of the charge found in
the castings. Using a preheated mold caused casting pipe (shrinkage porosity)
to extend well beyond the riser and resulted in unusable ingots. The ceramic
mold, a typical casting, and the resultant forging preform after removal of
the riser and finish machining are shown in Fiqure 49. The vacuum induction
melted ingots were homogenized for 1000°¢ (1832°F)/1 week prior to the
isothermal forging operations.

4.2.2.2 Isothermal Forging

Isothermal forging was selected as the most suitable hot working method
on the basis of prior experience at AFWAL with the iron aluminide alloys. In
order to evaluate forgeability, the effects on microstructure, and establish
forging parameters, subscale forging trials were performed prior to committing
larger sections of the castings to forging. Subscale forging specimens 1.0 cm
(0.4 inch) in diameter and height were EDM machined from sound sections of the

riser of each alloy.
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TABLE XIII

CHARGE WEIGHTS FOR TASK II/SERIES I1 ALLOYS (GRAMS)

Fe I\ Other
832.1 137.7 Cr 10.6 Mo 19.6
814.1 136.6 Cr 10.5 Mo 38.8
799.8 138.0 Cr 42.6 Mo 19.6
782.0 136.9 Cr 42.2 Mo 38.9
818.7 135.0 Ta 27.2 Mo 19.2
801.0 133.9 Ta 26.9 Mo 38.1 .
822.7 135.6 Ta 27.3 FeNb 14.4 .
797.3 131.9 Ta 70.8 "
811.5 137.9 FeNb 29.4 Cr 21.3 2
816.8 135.9 FeNb 29.0 Ta 18.2
801.1 134.2 FeNd 28.7 Ta 36.0
806.1 137.9 FeNb 29.4 Fe 28.3
794.4 136.7 FeNb 58.4 Cr 10.5
789.4 134.9 FeNb 57.6 Ta 18.1
790.8 136.8 FeNb 58.4 Fe 14.0
i
i
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4,2,2.2.1 Forging Results

Forging was performed between flat internally heated IN-100 dies placed
in a 54,400 kg (60 ton) Baldwin Testing Machine. This equipment offered the
capability for controlled, variable cross-head speed. Specimens were coated
on all surfaces with a glass/graphite forging lubricant, Etach specimen was
heated to 595°C (1100°F) for 5-10 minutes in air as a pre-heat operation to
preserve the integrity of the forging lubricant.

After pre-heating, each specimen was placed on the heated dies, which had
been heated to the 954°C (1750°F) forging temperature. Once the temperature
of the specimen was nominally the same as the dies (as determined visually by
color), ram contact was made with the workpiece and a small pre-load of
approximately 23 kg (50 1b) was applied. The specimen was monitored with an
optical pyrometer to determine temperature equivalence with dies. Once the
temperature was equivalent, the pre-load was maintained for another 1-2
minutes to ensure temperature uniformity throughout the sample.

A cross-head speed of 0.03 cm/min (0.015 inch/min) was used throughout
the forginyg trials, This is equivalent to a strain rate of 0.04/min. Initial
trials indicated that a 6:1 (83%) reduction in height was possible in one
blow, but that the forging load increased exponentially during the last
portion of the forging. In addition, small surface cracks were observed on

the circumference of compacts forged in a single blow. The cause of the load
increase was determined to be excessive depletion of the lubricant. In all
subsequent trials, the specimens were upset approximately 2:1 (50%), cleaned, ’
re-lubricated, and finish forged in a second blow. This resulted in lower, '
more practical loads and less cracking of the forgings. Maximum forging lcads E’
typically varied between 362-996 kg (800-2200 1b) for the first blow and
between 4525-814% kg (10,000-18,000 1bs) for the second blow.

4.2.2.2.2 Microstructural Evaluation

The processing sequence discussed in the preceding section was performed
in order Lo develop process routings that would result in fipe-ygrained

structures stuiable for mechanical property testing. [t was anticipated that

{
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the alloys would either undergo dynamic recrystallization during turging or
recrystallization during subsequent isothermal annealing  at higher
temperatures. It was also anticipated that the forging would refine the size
of second phase precipitates (if any) and cause them to becone more
homogeneously dispersed than in the cast structure. Once the second phase was
well dispersed, it might then be possible to create coherent precipttates via

a solution and age heat treatment.
4.2.2.2.2.1 Cr Series

The Cr series, which included various ratios of Cr and Mo additions to
the baseline material, was <characterized by sinygle phase alloys. A
representative example of this series was alloy [1-1 (1 a/o Cr, | a/o0 Moj.
The as-cast structure, shown 1in Figure 50, was characterized by a very large

grain size, approximately 0.2 cn (0.08 inch) in diameter.

The structure of alloy [1-1 forged at 954°C (1750%F) 1s shown in fiyure
bla. Note that although the grains have bheen severely deformed, the grain
size was not chanyed. Typical grains measured 1 con x 0.02 cm (0.4 inch x
0.0008 inch). The microstructure after application of a heavier etch is shown
in Figure 51b. This shows that smaller, lightly etched, drains dare present
within the larger unrecrystallized grains. X-ray diffraction dnalysis

sugyested that the smaller grains were actually detined by low angle yrain

boundaries. Stmilar structures werwe observed in all of the alloys atter
foryiny at 954°¢ (17500F) when exposed to the heavy etch, althouygh only the
lightly etched structure is shown in most of the figures, This Llextured
structure is not considered optimal for mproved mechanical properties . ‘a
performance, There was no discernable ditterence between the microstructures :

of the four alloys in the Cr series.

4,2.2.2.2.2 Ta Series

The intent of the alloy design ot this series was to create single phase
alloys, but the degree of solid solubility of the refractory metals in the
baseline material was not precisely known., All tour Ta series alloys

exhibited two phase structures, d¢!though the volune traction of the second
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Figure 59, Light photos of das-cast Cr-1 a/o0, Mo-1 as0 {Alloy 11-1) inyot

showing coarse ¢grain size.
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phase varied. Two examples of this series are discussed, alloy II-5 (U.75% a/o
Ta, 1 a/0 Mu) and alloy [I-8 (2 a/o Ta).

Alloy I1-5 1n the as-cast condition is shown in Figure 52. The grain
size and shape were similar to that of the alloys in the Cr series. A small

amount ot second phase was observed at grain boundaries and within the grains.

In the as-forged condition, alloy II-5 contained a small amount of second
phase as shown in Figure 53. These second phase particles were principally
conposed ot Ta-Mo-Fe, as determinad by EDS, and amount of about 1 volume
percent of the structure. The preferential partitioning ¢f Mo in the second
phase relative to the matrix was somewhat unexpected, since Mo alone does not

form a second phase. The particles range from 5-15 microns in diameter.

Alloy I1-8 1n the as-cast condition is shown in Figure 54, The grain
size is consistent with the other alloys. The second phase is concentrated at

yrain boundaries, but is also present to a lesser extent within yrains.

After 1sothermal forginy, alloy I[-8 exhibited large deformed grains and
relatively evenly distributed second phase particles as shown in Figure 55,
These particles are aligned perpendicular to the foryging direction ana
typically measure 15 x 1 microns. EDS indicated that these particles are
prinCipally of Fe-Ta composition and amount to about 20 volume per cent of the

structure.

4.2.2.2.2.3 Nb Series

[t was expected that all of the alloys in the Nb series would contain
second phase particles, due tu the limited solid solubility of refractory
metals 1n the baseline alloy. It was also anticipated that solution and aye
hedt treatments would be necessary subsequent to torging 1n order to tully

utilrze the precipitation strengthening potential of these alloys.

The Kb oseries wds, 1n general, characterized by the sane large grains
observea 1n all the dlluys., As expected, all six alloys contained second
phdse particles dand the amount of second phase was directly related to Uhe

retractoury metdal (Nb o+ Ta) content,

10+




Ty W

Wmmwp-—-w(ﬂq-r-'qv-!qvv_wg I w Ty

40X (polarized light) 100X

S X
9

bt o ot . Lo . . . . L _ pupd

y , ' Vo , 7‘

106 b

.

N

a R e e a P Aadad : IR PR PG ST S WS VU SEOWE N WS o ST . = |




*(unL39as |euLpnitbuoy) uoryonpad uhilay
1:9 pue AmocmNHv uovmm 1e pafuoy £ (Puuayl1ost uauwLdads azi1s-qns
(G-11 A0 V) o/B T-0W “Oo/p G/*0-e] pahuoy-se Jo sojoyd bLl *€G Aunfi

X00§ X001

g
14
L‘
1
-

c

SN W LU N DUAREY f IR SO T . [EEPRNUNEFERES . . N - A DI




amc

LR AR P PR

- T

Oia ol

[ RFE

40X (polarized iight)

B oot o 1

500X

shotd=g /0 (Alloy [l-5) 1naot SHOWINL Cogrse

108

100X

AR

q

P

"o

e
. .
@ o 3
s ‘a ‘s

e
PERPI

’

.




b i Sihe - Sl 3 hat U "SRk, S “h e i "Bl i < = AN

e e ik e Yk

Paiiiaat

s S S e 4

P

-r

e

TS

T

" J

A Al

ha'

* (uoL12as eutpnitbuoy)
uoL3onpad ybLay 1:9 pue Amoomﬁﬁv ),¥G6 3e pabuoy £|jewsayjost
uawtdads azis-agns (g-11 AKoy(y) o/e N-em pabdoy-se jo sojoud b1y *gg aunbl4

X009 X001

109




Ne B . Ra B s B-e Sk B Al i S et ShA S Al B v A0 I R AT At S e Sl -hin Sete el Ah ik e el A el Sed e A i Ao A A SRR A A S AR R

Alloy I11-9 (1 a/o Nb, 2 a/o Cr) and alloy [I-12 (1 a/o Nb, 2 a/o V)
exhibited similar structures. The as-cast structure of alloy II-9 is shown in
Figure 56. Note the large grains and the presence of second phase particles
distributed throughout the grains as opposed to concentration at the grain
boundaries. After isothermal forging, Figure 57, alloy II[-9 exhibited the
same large deformed grains observed in other alloys and second phase particles
which amounted to about 10 volume per cent. FEIDS indicated that the second
phase was principally composed of Nb-Fe.

Alloy 1I-11 (1 a/o Nb, 1 a/o Ta), alloy II-13 (2 a/o Nb, 1 a/o Cr), and
alloy II-15 (2 a/o Nh, 1 a/o V) were observed to exhibit microstructures very
similar to each other. Alloy 11-15 was representative of this group within
the Nb series and its cast structure is shown in Figure 58. Note the grain
size and the large amount of second phase both at grain boundaries and within
the grains, After forging, Fiqure 59, the second phase was aligned
perpendicular to the forginy direction. These second phase particles are
typically 2 microns wide by 15 wmicrons long and amount to about 20 volume
percent. EDS indicates that they are principally Nb-Fe, which indicates that
V, like Cr, tended to remain in soiution in the matrix. Note that the heavy
etch, as employed for alloy II-1, Figure 51, delineated a sub-structure of low
angle grain boundaries within the large deformed grains.

The remaining two alloys in the series, alloy i1-10 (1 a/o Nb, 0.5 a/o
Ta) and alloy Il-14 (2 a/o Nb, 0.5 a/o Ta) exhibited microstructures and
volume fractions of socond phase which correlated well with their respective

refractory metal content.

4.2.2.3 Grain Refinement Studies

Grain refinement studies were conducted on the assumption that the large
grains and/or textured structure observed in the as-forged structurcs would be
unsuitable for mechanical properties testing. On the premise that the forging
conditions selected for the initial sub-size forgings did not  impart
sufricient strain energy into the alloys to cause fine grain

recrystallization, additional isothermal forging trials were performed at
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Figure 5. Lignt photos of ds-cast Nb-1 a/o, Cr-2 aso (Alloy 11-9) inyot
showing coarse 4rain size.
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Figure sb. Light photos of as-cast Nb-2 a/0, V-1 a/0 (Alloy I1-15) ingot

showing coarse yrain size.
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lower temperatures. For this effort, sub-size specimens 0.9 cm (0.375 inch)

T
3
E
\
\
in diameter by 0.9 cm (0.375 inch) high of each alloy were isothermally forged
at 730% (1350°F) and 790°C (1450%F) at a constant strain rate of 0.04/min.
! Forging was halted when the load on the dies reached 8,160 kg (18,000 1bs.),
$ which had been determined to be the safe limit of the ceramic insulation which
k backed up the forging dies. This generally corresponded to a reduction in

height of approximately 6:1.

The single phase alloys exhibited similar forging response at both forging
temperatures. The as-cast grain size was severely deformed and there were
smaller grains present within the larger unrecrystallized grains. An example
of this type of microstructure for alloy II-4 (4 a/o Cr, 2 a/o Mo) is shown
in Figure 60a 1in the as-forged condition. Recrystallization annealing
treatments were investigated in order to produce a more uniform grain size
throughout the forgings. These recrystallization anneals were conducted in
the temperature range 730°C (1350%F) - 1120°C (2050°F). These treatments
indicated that a one hour exposure at 954°¢ (1750°F) resulted in the most
uniform grain size throughout the forgings. An example of this recrystallized
grain size for alloy II-4 (4 a/o Cr, 2 a/o Mo) is shown in Figure 60b. The
average grain diameter is approximately 375 microns. There was little
appreciable difference between the microstructures of the four alloys in the
Cr series. While it was realized that these grain sizes were significantly
larger than observed in the powder metallurgy alloys of the first series (as
shown in Figure 9 for the baseline Fe3Al alloy) they were refined compared to
the as-cast ingot and their distribution was homogeneous.

In general, the isothermal forging response of the two phase alloys was
similar at both forging temperatures. The microstructures were also similar
to those of the 954°C (1750°F) forgings in that large deformed grains were
observed, which also contained smaller sub-grains. It was noted, however,
that the sub-ygrains appeared somewhat smaller 1in the lower temperature

forgings.
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An exanple of the as-forged structure for alloy 11-15 (2 a/o Nb, 1 a/o V)
forged at 730°¢C (1350°F) is shown in Figure 61. A comparison of this
structure with that presented in Figure 59 for the same alloy isothermally
forged at 954°¢ (1750°F) suggests a more refined size in the small sub-grain
structure. As a qgeneral comment as related to these two phase structures, all
the alloys contained second phase particles and the amount of the second phase
was related to the refractory metal content. As will be discussed in more
detail in Section 4.2.3.2 describing the material preparation efforts for the
Series 11 screening evaluation, solution treatment studies were conducted on
selected two-phase alloys in order to develop a dispersion of coherent second
phase particles in order to take advantage of the precipitation strengthening
potential of these alloys.

4.2.3 Screening Evaluations

Screening evaluations were conducted on selected alloys of the Series 11
group which included elevated temperature four-point bend testing. The
details of these screening evaluations are presented in the following sections.

4.2.3.1 Alloy Selection

The Series II alloys selected for the screening evaluations are listed in
Table XIV. Included in the table are the aim chemistries as well as the
analyzed results, These results indicated that the actual chemistries met the
aim with the exception of alloy [1-15, which had less than the desired 1 a/o V.

The rationale for the alloy selection was based upon several considera-
tions. First, it was desired to evaluate an alloy in each particular series
(Cr, Ta, and Nb as originally planned and shown in Table XII) with the
greatest strengthening potential compared to the baseline Fe3A1 composition.
Second, on the basis of on-going studies of precipitate behavior being
conducted at AFWAL/SRL, it wds desired to evaluate an alloy with at least a 2
a/0 amount of precipitate forming addition to optimize the amount of coherent

second phdse in the microstructure.
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TABLE XIV

CHEMICAL COMPOSITION OF TASK II/SERIES I1
ALLOYS SELECTED FOR SCREENING EVALUATIONS

WEIGHT PERCENTAGE ATOMIC PERCENTAGE
ALLOY AIM re Al X Y Fe Al X

| <

11-4 Fe-25A1-4Cr-2Mo 79.03 13,03  3.97 3.97 70.2 24 3.8 2

I11-8 Fe-25A1-2Ta 80.9 11.97 7.13 -—~ 75 23 2 --
11-13 Fe-25A1-2Nb-1Cr 81.16 13,74 4,04 1.06 /1.8 25.1 2.1 1

b

i 11-15 Fe-25A1-2Nb-1V 81.84 13.63 4.13 0.4 72 .4 25 2.2 0.4

%
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On this basis, alloy I1-4 (4 a/o Cr, 2 a/o Mo) was chosen from the single
phase Cr series as having greatest strengthening potential. Alloy [I-8 (2 a/o
Ta) was chosen from the Ta series to maximize refractory content. Alloys
I1-13 (2 a/o Nb, 1 a/o Cr) and II-15 (2 a/o Nb, 1 a/o V) were chosen to
maximize refractory content as well as on the basis of studies in proygress at
P, AFWAL that Cr and V additions do not significantly degrade ductility.

4,2.3.2 Material Preparation

The purpose of the sub-size isothermal forging/grain refinement efforts
was to establish forging parameters for the eventual scale-up to provide
material for the screening evaluations, As stated previously, the sub-size
forging specimens were prepared from sound sections of the riser portion of

the vacuum induction melted ingot of each alloy. The scale-up forging work

was done on forging preforms machined from the ingots as shown in Figure 49,

The same isothermal forging procedures were used for each of the four
alloys selected for the screening evaluations. The starting stock size was
3.6 ¢cm (1,4 inch) in diameter by 3.8 cm (1.5 inch) high., The forging was
performed at 730°C (1350°F) in a 678,733 kg (750 ton) vacuum hydraulic press
using flat Mo-TZM dies with boron nitride/graphite lubricant. A constant

strain rate of 0.06/min was used and the workpiece was soaked at temperature

for 1-1/2 hours prior to deformation. A reduction in height of H:l was
achieved and a full-size forging, along with a forging preform, is shown in

Figure 62.

-]
On the basis of the grain refinement studies conducted on the sub-sicze ﬁgi
specimens, a recrystallization anneal heat treatinent was applied to the alloy

I1-4 forging. This anneal consisted of a one hour exposure at 954°¢ (17500F).

oo o
PSR Y SO WD AR )

On the basis of studies conducted at AFWAL/SRL on the precipitation
behavior of the Ta and Nb containing alloys it was established that full
precipitate solutioning could be achieved in alloys 11-8, I1-13, and 11-15.
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This had been e¢stablished on the basis of studies conducted on  small
metallographic specimens sectioned from the sub-size forgings. This solution
treatment included a 30 minute exposure at 1250°C (2282°F) followed by a
quench in agitated water. Upon application of this solution treatment to the
full size forgings, however, severe quench cracks were observed throughout the
forgings. The degre~s of quench cracking was so severe that specimens could
not be machined fron the forygings. This indicated that the vacuum induction
melting/isothermal forging processing approach developed for these particular
alloys would not he able to exploit the strengthening potential suggested by

the precipitation behavior in small! section sizes.
4.2.3.3 Test Results

As a resul®t »f the quench cracking problem with alloys I1-8, [[-13, and
[[-15, testing was conducted only on the 1I-4 alloy. This evaluation included
clovated temperature four-point bend tests conducted on specimens 0.3 ¢n
(0,125 inch) x 0,6 cm (0.250 inch) x 2.9 cm (1.125 inch) in size. The results
of these tests are presented in Table XV and include the yield strength
(elastic limit) at 600°C (1112°F), 650°C (1202°F) and 700°C (1292°F). For
comparison purposes, the yield strength results for the baseline Fe3Al alloy
at 600°C (1112°F) generated as part of the Series 1 testing and the yield
strength results of Fe-35A1-4Cr-2Mo generated at AFWAL are also included in
Tahle XV,

The results indicate that the [1-4 alloy offers significant improvement
in yield strength capability at 600°C (1112°F) compared to the baseline FeBAl
composition. The yield strength of the 11-4 alloy was approximately 2.5 times
that of Fe3A1. These results confirm the potent solid solution strengthening
capability of Cr and Mo additions to Fe3Al identified in the Series [ alloy
testing. The yield strength of the 1-13 alloy (0.3 a/o Mo, 2 a/o Cr) was
approximately 1.6 times that of Fe,Al at 600°C (lllZOF). The increased Cr and

3
Mo additions in alloy 11-4 (4 a/o Cr, 2 a/o Mo) resulted in improved solid

solution strengthening.
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TABLE XV

YIELD STRENGTH RESULTS FOR TASK ITI/SERIES I ALLOYS (1)

ALLoYs () 6% (1112°F)  650° (1202%F)  700°C (1292%F)
I1-4 (4Cr, 2Mo) 545 Mpa (79 Ksi) 365 Mpa (53 Ksi) 200 Mpa (29 Ksi)
; Fe3A1 Baseline 214 Mpa (31 Ksi) ---- -—--
b
F (Fe-35A1-4Cr 2Mo)(3) 510 Mpa (74 Ksi) 338 Mpna (48 Ksi) 2062 Mpa (38 Ksi)

(1) Elastic limit in four-point bend tests

(2) Alloys 11-8 (2Ta), [1-13 (2Nb, 1Cr), 11-15 (2Nb,IV) not tested because of
quench cracks.

(3) AFWAL alloy prepared as lbU gram (0.3 1b.) darc melted button isothermally

forged 75% at 950°¢ (1742 F)
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As shown in Table XV, Cr and Mo additions to Fe-35 a/o Al can also result
in strength improvements compared to baseline Fe3Al. It also appears that the
Fe-35 a/o Al base can also offer some improvement in 700%¢ (IZQZOF) yield
strength compared to Cr and Mo modified Fe3Al. This general situation is
further enhanced by the fact that the Fe-35 Al base would offer dadditional

attractive features in terms of reduced density compared to the Fe, Al baselina.

3

4,2.4 Series Il Summary

The Series 11 alloy studies included fifteen alloys divided into three
groups as shown in Table XII. These included ternary or quaterndry alloys
with Cr, Ta, or Nb as the common alloying addition. The compositions were R
produced by isothermal forging of vacuum induction melted ingots. Plans
called for specific compositions to be evaluated by elevated temperdture e
four-point bend tests. I*

During preparation of material for testing, it was observed that the Cr
series exhibited a single phase microstructure characterized by a large
as-cast grain size. Isothermal forging parameters were defined fallaowed by

recrystallization anneals which produced a uniform equiaxed grain size of
approximately 375 microns in diameter., Alloy II-4 (4 a/o Cr, 2 a/o Mo) was
tested in four-point bending with the result that the 600°C (1112°F) yield
strength improved by a factor of 2.5 compared to the baseline Fe3A\ alloy.

These results confirmed the potent solid solution strengthening capability of

oo BT

Cr and Mo additions to Fe3Al identified during the Series [ testing.

Also during preparation of material for testing, it was obhserved that the

.
m. L
EER SR P

Ta and Nb series exhibited a two phase microstructure characterized by the

presence of precipitate particles the amounts of which were related to the

refractory metal content in the alloy. Solution heat treatments were -
identified by AFWAL/SRL in parallel studies which were successful in -
completely solutioning the second phase particies in small metallagraphic i;
specimens. A section size sensitivity was observed, however, in that severa i:
gquench cracking was encountered during the quenching of the fyll-size forged ;;
L_
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pancakes intended for the screening evaluations. [t was not possible to
machine specimens from these quenched pancakes. This indicated that the
vacuum induction melting/isothermal forging processing approach developed for
these particular alloys would not be able to exploit the strengthening
potential suggested by the precipitation behavior in small section sizes.

4.3 Alloy Characterization

For this effort, a single alloy composition was produced by the hot
extrusion of vacuum induction melted ingots. The alloy was a quaternary
composition designed on the basis of the results of the Series I and II
alloys. Alloy characterization consisted of mechanical property tests
including tensile, creep rupture and fatigue tests at elevated temperature.
Oxidation resistance of the alloy was also characterized.

4.3.1 Alloy Selection

The alloy selected for evaluation in this final portion of the program
was Fe-35A1-4Cr-2Mo (in atomic percent). This selection was made in order to
take advantage of the potent solid solution strengthening demonstrated by Cr
and Mo additions during the Series I and II evaluations. In addition, it was
desired to enhance the specific strength by utilizing a base alloy (Fe-35 a/o
Al) exhibiting a lower density that the Fe3A1 baseline. While it was
recognized that two phase alloys based upon Ta and Nb additions do offer
potential for precipitation strengthening, the quench «crack sensitivity
demonstrated in the Series Il isothermally forged pancakes represented a
possible limit to the applicability of these alloy development concepts within
the scope of this program,

4.3.2 Material Procurement/Processing

4.3.2.1 Ingot Casting/Homogenization

In order to evaluate the Fe-35A1-4Cr-2Mo composition, new test stock was

produced. To achieve a wore refined ygrain size than was developed in the
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isothermally forged cast ingots used for the Series Il evaluations, a process
routing including the hot extrusion of vacuum induction melted ingots was
selected. The ingot casting procedures used to prepare the final alloy were
identical to those described previously in Section 4.2.2.1 for the Series [I
alloys. For this effort, 11.3 kg (25 1b) ingots were prepared which exhibited
the same large as-cast grain size as shown previously in Figure 50 for the
11-1 (1 a/o Cr, 1 a/o Mo) alloy. Subsequent to casting, the ingots were
treated with the same 1000°C (1832°F)/1 week homogenization treatment employed
for the Series Il ingots.

4,3.2.2 Hot Extrusion

Hot extrusion of the vacuum induction melted ingots was employed in order
to refine the large as-cast grain size of the Fe-35A1-4Cr-2Mo alloy. The
canning procedures for these ingots were identical to those used for the
Series 1 1loose powder alloys and described previously in Section 4.1.2.7,

including the extrusion can configuration shown schematically in Figure 3,

As part of this investigation, an extrusion matrix coasisting aof six
extrusions was evaluated. A listing of the extrusion conditions incliuding
temperature and reduction ratio is presented in Tabhle XVI, which also lists

the grain sizes resulting from the various extrusion parameters.

The extrusion trials conducted at 843°C (ISSOOF) and modest reductians
(reduction ratios less that 6:1) indicated poor results in that the 5.4:1
reduction caused the billet to stall in the extrusion press. Extrusion at the
3.5:1 reduction was successfully completed, but examination of the as-extraded
microstructure indicated two problems, as shown 1in Figure 63a. The first
included the fact that the microstructure was chardacterized by a non-unifyrm
duplex grain size. Areas of the structure were characterized by a relatively
small grain size, with an average grain diameter of 50 microns. COnmparison of
this grain size with that achieved for the Series |1 }e3Al powder haseline
alloy, shown in Fiqure 9, indicated a comparable grain diameter, There were,

however, isolated qrains larger than 250 microns in diameter throaghout the
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structure. The second problem included the presence of isolated instances of
cracking throughout the microstructure. This cracking, shown in Figure 63b at
500X magnification, appeared to initiate at grain boundaries and propagate in
a transgrdanular mode. Neither of these conditions suggested that the 843°¢C
(1550°F), 3.5:1 reduction ratio extrusion should be used for mechanical
property testing.

Increasing the extrusion temperature to 899°C (1650°F) and increasing the
- reduction ratios did not eliminate the problems observed in the lower
temperature extrusion. The duplex grain size condition, as well as the
isolated instances of internal cracking persisted. It was also observed that
the average grain diameter of the areas of relatively small grains increased
somewhat compared to the 843°¢ (1550°F) extrusion. A typical microstructure

observed in these 899°C (1650°F) extrusions in shown in Figure 64a for
& material extruded at the 9:1 reduction ratio. The areas of relatively small

grain size were characterized by grains with an overall average grain diameter
. of approximately 70 microns.

The final two extrusions were conducted at higher temperatures. The
extrusion conducted at 927°C (1700°F) and 36:1 reduction ratio did not appear
promising in that the duplex grain stucture persisted and the degree of
cracking appeared more severe. A typical microstructure for material extruded
under these conditions is shown in Figure 64b. Groups of very small (average
grain diameter of approximately 15 microns) grains were observed associated
with more numerous large grains in excess of 250 microns. The severity of
cracking is also evident in this microstructure.

The most optimum microstructure was observed in material extruded at
954°¢ (1750°F) with a 16:1 reduction ratio. Typical microstructure observed
in this extruded material is shown in Figure 65. This was characterized by a

uniform equiaxed grain size approximately 125 microns 1in average grain
diameter, without the presence of cracking., While it was recognized that this
grain size was significantly larger than the 50 micron grain size exhibited by

extruded powder Fe_Al baseline alloy (Figure 9), it was smaller than the 375

3
micron grain size of the typical Series I1 Cr containing alloys (Figure 50).
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(a) 100X

{(b) 500X

Figure 65 Light photos of as-extruded Fe-35A1-4Cr-2Mo vacuu? induction melted
inget extruded at 9540C {17500F) and o 16:1 reduction ratio.




As a consequence of these corsiderdations, the material extruded at 954
(17509 ) with a 16:1 reduction ratio was selected for mechanical oropertics
testing,

4.3.3 Properties Characterization

Properties characterization conducted on the Fe-35A1-4Cr-2Mo included
elevated temperature tensile, creep rupture and low cycle fatigue tests, room
temperature high cycle fatigue tests, and oxidation tests. The actual
chemistry of the extrusion selected for evaluation was fo-34,5A1-35.90r-2.1Mo
in atomic percent. The test specimen configuration was identical to thit
shown schematically in Figure 33 for the Series [ testing. The resylts of

these properties characterizations are presented in the following sectinns.

4.3.3.1 Tensile Test Results

The program objective included the development of compositions which
offer improved room temperature ductility and high temperature strength
compared to baseline Fe3Al. Tensile tests were conducted on the Fe-3%71-4Cr-
2Mo alloy at room temperature and 600°C (lllZOF) and the results are presented
in Table XVII. On the average, this material exhibited an ultimate tensile
strength of approximately 413 Mpa (60 Ksi), a yield strength of 361 Mpa (5?2
Ksi), elongation of 2.6 percent and reduction of area of 3.3 percent at room
temperature. Comparison with the results listed in Table VIII fur rejA]
indicated that the quaternrary alloy was inferior in performance on all
accounts, It was significant to note that the ductility of the quaternary
alloy was approximately 50% lower than that of the F93AI. Fxamination of the
failed test specimens revealed that there was little deformation of the yrains
and, unlike the Fe3Al, the fracture mode was principally transgranuiar., An
example of this structure is shown in Figure 66a. The fracture mode for Fe Al

3
at room temperature was principally intergranular, as shown in figure 35,

Tensile testing at 600°C (1112°F) indicated an average ultimate tensile

strength of 467 Mpa (68 Ksi), a yield strength of 344 Mya (50 ¥Yeor), elongation

of 50 percent and reduction ot areatof %6 percent. . Gomparison with the
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results listed in Table IX for Fe3A1 indicated that the quaternary alloy
exhibited 1increased strength, but somewhat Tlower ductility. The yield
strength of the quaternary was approximately 1.6 times that of the Fe3Al
alloy, with approximately 72 percent of the elongation, Comparison of the
data presented in Table XV for the Series Il testing, however, indicated that
the quaternary alloy prepared by the extrusion of vacuum induction melted
ingot did not exhibit the 600°C (1112°9F) yield strength of either alloy 11-4
(4 a/o Cr, 2 a/o Mo) or the Fe-35A1-4Cr-2Mo alloy processed at AFWAL, which
exhibited yield strengths in the range 510-545 Mpa (/4-79 Ksi). fxamination
of the failed test specimens indicated extensive deformation of grains near
the fracture surface as well as separation along grain boundaries. An example
of this structure is shown in Figure 66b for regions near the fracture
surface. This general behavior was also observed for the Fe3A\ alloy, 2as
shown in Figure 36. More extensive grain boundary separation was observed,

however, in the Fe3Al than in the quaternary alloy.

[n summary, the results of the tensile tests conducted on the quaternary
alloy confirmed the pc ent solid solution strengthening effects nf Cr and Mo
additions with regards to elevated temperature yield strength. The
Fe-35A1-4Cr-2Mo alloy exhibited 1.6 times the yield strength capability of
Fe3Al at 600°C (11120F). This strength increase, however, was achieved at the
expense of a loss of approximately 50 percent of the room temperature tensile

ductility (percent elongation) of the Fe3A1.

4.3.3.2 Creep Rupture Test Results

Creep rupture tests were conducted on the Fe-35A1-4Cr-2Mo quaternary
alloy in the temperature range 570°C (1058°F) - 649°C (1200°F) and the results
are listed in Table XVII. The tests conducted at 649°C (12000F)/241 Mpa (35
Ksi) exhibited extremely short rupture lives and time to 0.1% creep. Reducing
the test conditions to 570°C (1058OF)/207 Mpa (30 Ksi) resulted in an averaye
rupture life of approximately 300 hours and an average time to 0.1% creep of
approximately 34 hours. Comparison of these results can be made to commercial
410 martensitic stainless steel, which exhibits yield strength equivalent to
that of the Fe-35A1-4Cr-2Mo at 6007C "(1'1120% )% Spprdxfndtely 345 Mps (50 ksi).
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Under the same 570°C (1058°F)/207 Mpa (30 Ksi) rupture conditions, 410
martensitic stainless steel would exhibit a rupture life of approximately 20
hours, with a time to 0.1% creep of less than one hour.

Examination of the failed rupture bars indicated a similar fracture mode
at both test conditions in that cracking was predominantly intergranular in
nature. Examples of the structures observed in the failed rupture bars are
shown in Figure 67. These structures are in marked contrast to that exhibited
by the 600°C (1112°F) tensile test specimen shown previously in Figure 66a.
Under the tensile test loading at 600°C(1112°F) considerable deformation was
observed in the grains in addition to the intergranultar type fracture. Under
the creep loading at approximately 70% the yield strength, little grain
deformation occurred with crack initiation and propagation occurring along the

grain boundaries.

4,3.3.3 High Cycle Fatigue Test Results

Room temperature high cycle fatigue tests were conducted on the Fe-35A1-
4Cr-2Mo alloy and the results are presented in Table XVIII. The tests were
conducted at a frequency of 10 Hz, in a tension-tension mode on smooth test
specimens. The initial test specimen was to be loaded to a maximum of 413
Mpa (60 Ksi), which was the approximate ultimate tensile strength of the alloy
as determined by the room temperature tensile tests, Table XVII. The specimen
failed upon loading, however, at a maximum load of 410 Mpa (59.5 Ksi). Stress
levels were then bracketed between 310 Mpa (45 Ksi) and 345 Mpa (50 Ksi) with
the result that the specimens did not fail at or over one million cycles,.
These results suggest that the endurance limit (as defined by a failure life
in excess of one million cycles) for this material lies between 345 Mpa (50
Ksi) and 410 Mpa (59.5 Ksi}. These data also indicate that the conventional
high cycle fatigue S-N curve for this material would be characterized by an
extremely shallow slope and that the material could be loaded to a high
percentage (33%) of the ultimate tensile strength without failure within one
mitlion cycles, The comparison of these results with data being generated at
AFWAL on FfeAl and FeAl + TiB2 indicate inferior performance of the
Fe-35A1-4Cr-2Mo alloy. At room temperdature, the FeAl exhihited an endurance
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TABLE XVI1I "

TENSILE AND CREEP-RUPTURE DATA FOR Fe-35A1-4Cr-ZMo ALLOY R
Tensile Data :i
A ET
. Temperature Ultimate Strength 0.2% Yield Strength % Elong. % RA %
Room 404.7 MPa (58.7 Ksi) 363.3 MPa (52.7 Ksi) 2.6 2.9 >
Room 422 MPa (61.2 Ksi) 358.5 MPa (52.0 Ksi) 2.6 3.7
600°C (1112°F) 463.3 MPa (67.2 Ksi) 339.9 MPa (49.3 Ksi) 49.8 55.0 =
5j 600°C (1112°F)  470.8 MPa (68.3 Ksi) 347.5 MPa (50.4 Ksi)  50.1 56.6 K

Creep Rupture Data

5
. Time to % Elong.
Temperature Stress Level Rupture Life 0.1% Creep at Failure
570°C (1058%F) 206.8 MPa (30 Ksi) 265.2 Hr 9.1 Hr 8.5 .
570°C (1058%7) 206.8 MPa (30 ¥si) 334.2 Hr 58.4 Hr 8.0 :
649°C (1200%F) 241.3 MPa (35 Ksi) 4.3 Hr O.1 Hr. 4.5
649°C (1200°F) 241.3 MPa (3% Ksi) 4.0 Hr 0.1 e 4.0
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limit of approximately 621 Mpa (90 Ksi) while the FeAl + TiB? exhibited an
endurance limit of approximately 862 Mpa (125 Ksi).

Metallographic examination of the test specimens indicated that cracking

had been initiated in spite of the fact that the specimens did not fail within

one million cycles. An example of this type of cracking is shown in Figure 68

for the specimen exposed to 345 Mpa (50 Ksi) for over two million cycles.
Transgranular cracking can be observed in this specimen, initiating at hcth

the specimen surface and at a grain boundary, Figure 68&. Tinis type of

: transgranular cracking was also otserved in the room temperature tensile test

specimens, as shown in Figure 66a.

4.3.3.4 Low Cycle Fatigue Test Results

Low cycle fatigue testing was performed on the fe-3GA1-1Cr-2Mo alloy and
included strain controlled, fully reversed cycling at 600°C 11;27F) and a
frequency of 0.33 Hz. The results of these tests are listed in Tahble XVIII.
The initial test was conducted at a total strain range of 0.010, with the
result that failure occurred in a brittle manner after & cycles. The second
test was conducted at a total strain range of 0.0059, and after 1013 cycles
the strain range was increased to 0.0070, after which the specimen failed in a
brittle manner after 4 cycle,.

Examination of the failed test specimens indicated behavior in marked
contrast to that observed for the tensile and creep rupture test. runducted at
similar temperatures. As shown previously in i jure 6bb, tensile test
specimens exhibited considerable deformationn in the arains as well ds 4
predominantly intergranular fracture mode. As snhown orev ousty e vigqure 6/,
creep rupture specimens exhibited an intergranular tracture —ode, A5 shown in
Figure 69a, however, low cycie fatique Specimen No. J -xhihited Tittle
deformation in the grains, but considerable evidence of transqraniuiar cracking
near the fracture surface. Examination of this specimen in the griy arcd 4!sy
indicated the presence of transgranuldr cracks in this regren.  Anooxanple of
this is shown in Figure 69b. These types of cracks are vimilar to those shown
in Figures 63 and b4 for Fe-35A1-4Cr-2Mo alloy extraded 1t cowditinns other
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(a) 100X

. (b) 500X

Figure 68 Light photos of Fe-35A1-4Cr-2Mo room tewperature high cycle fatique

test specimen loaded at 345 Mpa (50 Ksi) showing crack initiation
sites.
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than the 954°C (1750°F)/16:1 reduction ratio condition selected for the
properties characterization. This suggested that the cracking observed near
the fracture surface of the low cycle fatigue test specimen, Figure 6Ya, was
not, in fact, the result of the fatigue cycling but was already present in the
material prior to test. It was significant to note that this cracking was not
observed in the sections examined to characterize the as-extruded material,
nor was it observed in the grip areas of the tensile, creep-rupture, or high
cycle fatigue specimens discussed previously. This suggested that the
cracking was highly localized in the extrusion sections used to characterize

the low cycle fatigue properties.

4.3.3.5 O0Qxidation Results

Oxidation testing was performed on the Fe-35A1-4Cr-2Mo alloy and included
exposure at 816°C (1500°F) in laboratory air for 240 hours. These were the
same conditions used to evaluate the Series 1 alloys, the results of which
were presented in Table X in terms of specific weight change. For the Fe-35
A1-4Cr-2Mo alloy, the specimen was 1.3 cm (0.5 inch) in diameter and 1.3 cm

(0.5 1inch) 1in length. The results indicated no change in the 10,7442 gm
(0.023 1b) weight of the test coupon. A photograph of this test coupon is
- shown in Figure 70, As shown in Table X, the Fe3A1 baseline alloy exhibited a
- slight specific weight Tloss. The fact that the Fe-35A1-4Cr-2Mo alloy
ﬁ! exhibited no specific weight change was not surprising in view of the higher
- Al and Cr content compared to the Fe3Al alloy.

ﬁf 4.3.4 Alloy Characterization Summary

Properties characterization conducted on the Fe-35A1-4Cr-2Mo alloy

included elevated temperature tensile, creep rupture and low cycle fatigue

tests, room temperature high cycle fatigue tests, and oxidation tests., These
tests were conducted on vacuum induction melted ingots extruded at 954°¢
(1750°F) and a reduction ratio of 16:1. This material exhibited a homogeneous

grain size distribution of approximately 125 microns in average grain diameter,

142

.......................... PR
.....................................

. - . - - . - i - .~
P e S S P S A A ot . . LT L e N s e N LN Tt
TR, G, R S PR L P T U A I o, AP WP TRT UL R, G I TR, T, ) W T T T TR WS YO TR U TV P U VoA VRIS W SN -




AR Al Sl Sl af Sl tala 40, alle S\ Rl gl e FadPun. o

Figure 70  Photograph of Fe-35A1-4Cr-2Mo oxidation test coupon after exposure
to 8169C (15000F) laboratory air for 240 hours.
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The tensile results confirmed the potent solid solution strengthening
effects of Cr and Mo additions with regards to elevated temperature yield
strength. The quaternary alloy exhibited 1.6 times the yield strength
capability of Fe3Al at 600°C (1112°F). This strength increase, however, was
achieved at the expense of a loss of approximately 50 percent of the room
temperature tensile ductility (percent elongation} of the Fe3AT.

The creep rupture results were compared to commercia! 410 martensitic
stainless steel, which exhibits yield strength equivalent to that of the
quaternary alloy at 600°C (1112°F), approximately 345 Mpa (50 Ksi). Under the
same 570°C (1058°F) /207 Mpa (30 Ksi) rupture conditions, 410 stainless steel
would exhibit a rupture life of approximately 20 hours (compared to an average
life of 300 hours for the quaternary alloy) and a time to 0.1% creep of less
than one hour (compared to an average life of 34 hours for the quaternary
alloy).

The room temperature high cycle fatigue resuits indicated that the
endurance limit (as defined by a failure life in excess of one million cycles)
of the quaternary alloy lies between 345 Mpa (50 Ksi) and 410 Mpa (59.5 Ksi).
Further, the data indicated that the conventional high cycle fatigue S-N curve
would be characterized by an extremely shallow slope and the material could be
lToaded to a high percentage (83%) of the ultimate tensile strength without
failure within one million cycles.

The quaternary alloy exhibited poor low cycle fatigue characteristics at
600°C (1112°F). Brittle type failure was observed with low failure lives
(less than 10 cycles) at relatively low total strain ranges (0.0010-0,007).
Examination of the failed bars indicated the presence of transgranular cracks
which appeared to exist in the material prior to testing. That these cracks
were isolated in the extrusion was suggested by the fact that they were not
observed in the as-extruded specimens used to characterize the extrusions nor
were they observed in the tensile, creep rupture and high cycle fatigue

specimens.
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Oxidation testing included exposure for 240 hours in laboratory air at
816%¢C (1500°F). There was no specific weight change as the result of this
exposure, which was not surprising in view of the high Al content and the

presence of Cr. ~
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5.0 SUMMARY AND CONCLUSIONS

A program was conducted in order to develop improved iron-aluminide
alloys for potential Air Force applications. More specifically, efforts were
focused on the Fe3Al system which exhibits the 003 ordered crystal lattice
with particular emphasis being addressed towards improving the high
temperature strength and room temperature ductility of this system. To
accomplish this the experimental approach involved the screening evaluation of
two experimental series of alloys which then formed the basis for the
selection of a single alloy composition for more complete properties testing.
The alloy design philosophy was based on the concept of improving strength and
ductility through an investigation of the effects of ternary and quaternary
element additions on the resultant microstructures and changes in the n03 - H?
transformation temperature. Powder metallurgy as well as isothernal forging :

processing routes were explored for these experimental alloys.

The first alloy series included twenty compositions in addition to the

baseline material, Fe3A1. These alloys were processed through powder

metallurgy routings and included ternary additions of ten elcments at two
levels each, as shown in Table VI. It can be seen that four of the alloys
were actually quaternary compositions due to the inadvertent mixing of the

powders prior to the hot extrusion consolidation operation. The alloys

investigated in this study were characterized by rither a single phase (sniid

solution strengthening) or a two-phase (precipitation strengthening) type

4

Madicaint gin BN 3

microstructure. Screening evaluations including oxidation, workability, and

tensile property tests were conducted on these alloys.

Oxidation tests involved exposures in laboratory air at #1670 (1500°F) .
Visual and weight gain results indicated that only two alloys (5 a/0 Ti and 10
a/o V) exhibited significant degradation compared to the baseline alloy.
Workability testing involved upset isothermal foraing at 9549 (17Hu0i) and
indicated that none of the alloying additions adversely attested  the R

workability as exhibited by the baseline alloy. -

116 ‘
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The results of room temperature and 600°¢C (1112OF) tensile tests are
shown in Tables VIII and IX. The single phase alloys exhibited varying
deqgrees of solid solution strengthening at elevated temperature. Si
additions, at the 3 and 5 atomic percent levels, for example, resulted in
approximately 2.5-3.0 times the 600°C (1112°F) yield strength of FesAl, but
with only approximately 10 percent of the room temperature elongation. More
modest increases in elevated temperature strength were exhibited by alloys
containing Cr and Mo, with accompanying higher levels of ductility. The most
optimum of the solid solution strenghtened alloys contained 3.5 Cr + 0.5 Mo
(atomic percent) and exhibited 1.3 times the 600°C (1112°F) yield strength of
Fe3Al, with equivalent room temperature ductility (4.8 percent elongation).

The two phase alloys (Nb and Ta) also showed improved elevated
temperature strength while maintaining some of the baseline ductility. This
strengthening was apparently due primarily to solid solution effects since the
properties could not be related to the volume fraction of precipitates. This
indicated that potential exists for further strengthening via refinement of
the precipitate size. Researchers at SRL determined that the 2 a/o Nb alloy
could indeed be further strengthened by solution and aging heat treatments.
This alloy exhibited approximately 4 times the 600°C (1112°F) yield strength
of Fe3A1 with aoout 60% the room temperature elongation., SRL efforts also
established that alloy additions did affect the DO3 - B2 transition
temperature in all of the Series | alloys, but there was little correlation,
however, between 600°9C (11129F) strength and change in Tc values. This
suggested that factors other than the stabilization of the DO3 phase to a

higher temperature control high temperature strength in these alloys.

The second alloy series included fifteen alloys divided into three groups
as shown in Table XII, These included ternary or quaternary alloys with Cr,
Ta, or Nb as the common alloying addition. The compositions were produced by
isothermal forging of vacuum induction melted ingots. The Cr series exhibhited
a single phase microstructure characterized by wuniform, equiaxed grains
approximately 375 microns in average grain diameter in the isothermally forged
and annealed condition. Alloy I1-4 (4 a/o Cr, 2 a/o0 Mo) was tested in
four-point bending with the result that the 600°C (11129F) yield strength
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improved by a factor a 2.5 compared to the baseline Fe3Al alloy. These
results confirmed the potent solid solution strengthening capability of Cr and
Mo additions to Fe3A1 identified during the Series [ testing. During the
preparation of material for testing, the two phase Ta and Nb series of alloys
exhibited quench cracking sensitivity during quenching from the solution
temperature. It was not possible to machine specimens for testing. This
indicated that the wvacuum induction melting/isothermal forging processing
approach developed for these particular ailoys would not be ahle to ex<ploit

the strengthening potential demonstrated in the Series | evaluations.

The alloy selected for final evaluation in this program was fo-2hAl-80r-
2Mo (in atomic percent). This selection was made "0 order to fdve advantage
of the potent solid solution strengthening demonstrted by {r and v gdditions

during the Series [ and I1 evaluations, [t wss 0l dosirea Lo enhen o Une
specific strength by utilizing a bhase allay 1 v 3 Tower gensity than
the Fe3A1 baseline. While it was recognizet tna* “we nuse alioys Dewed aun
Ta and Nb additions do offer potential tur o1 vt an strenglhoning, the
quench crack sensitivity demonstrated in the eries 11 ailoys ropresentod o

possible 1imit to the applicability of these alloy development concepts within
the scope of this progranm. Alloy characterization consisted ot mechanical
property tests including tensile, creep rupture, fatigue and oxidation tests
conducted on material produced by the hot extrusion of vacuum induction melted

ingots.

The tensile results confirmed the potent solid solution strungthening
effects of Cr and Mo additions. The quaternary alloy exhibited I.h {imes the
yield strength of Fe,Al at 600°C (1112°F), with a loss, however, of
approximately 50 percent of the room temperature ductility (percent
elongation). The creep rupture results were compared to commercial 410
martensitic stainless steel, which exhibits 600°¢C (11120F) yield strength
equivalent to that of the quaternary alloy, approximately 345 Mpay (50 Ksi).
Under the same 570°C (1058%F)/207 Mpa (30 Ksi) rupture conditions, 410
stainless steel would exhibit a rupture life of approximately J0 hours
(compared to an average life of 300 hours for the quaternary alloy) and a time

to 0.1% creep of less than one hour (compared to an average life of 34 hours
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for the quaternary alloy). The room temperature high cycle fatigue results
indicated that the endurance limit (as defined by a failure 1ife in excess of
one million cycles) of the quaternary alloy lies between 345 Mpa (50 Ksi) and
410 Mpa (59.5 Ksi). The quaternary alloy exhibited poor low cycle fatigue
characteristics at 600°C (1112°F). Brittle type failure was observed with low
failure Tlives (less than 10 cycles) at relatively low total strain ranges
(0.010-0,007). Examination of the failed bars indicated the presence of
transgranular cracks which appeared to exist in the material prior to testing.
That these cracks were isolated in the extrusion was suggested by the fact
that they were not observed in the as-extruded specimens used to characterize
the extrusions nor were they observed in the tensile, creep rupture and high
cycle fatigue specimens. Oxidation testing at 816°¢ (1500°F) for 240 hours
indicated no specific weight change, which was not surprising in view of the
high Al content and the presence of Cr.

In summary, this effort indicated that the most significant potential for
combined high temperature strength and room temperature ductility was
demonstrated for two-phase alloys based upon Nb. Further alloy optimization
is required to define the maximum strengthening potential. These subsequent
studies would also have to address processing sensitivity, however, especially
with regards quench cracking during the heat treatments necessary to develop
full strengthening.
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APPENDIX 1

1.0 INTRODUCTION

TRW was teamed with Systems Research Laboratories, Inc. (SRL) on this

.
A LA

program with SRL responsible for in-depth microscopic characterization of the
alloys under study. The SRL efforts included homogenization studies, a i
: screening of the DO3 - B2 transition temperatures (Tc) for the various alloys , ff
S as well as a characterization of the precipitation behavior of the Nb

containing alloys. The findings are presented in the following sections.

2.0 HOMOGENIZATION STUDIES

Heat treatment studies of selected blended alloys (5 a/o Ti, 3 a/o Ni),

; and the prealloyed 3 a/o Mo alloy, which was also found to contain Cr, were

- conducted in order to define treatments to homogenize the alloy contenat, The
results of these studies are presented in the following sections. i

2.1 Alloy I-2 (5 a/o Ti)

Examination of the as-extruded microstructure revealed that Ti was not

homogeneously distributed in this blended alloy. However, it was found that 4

Cm s S A SRR

1100°% (2012°F) hold for 168 hours (one week) homogenized the material without

producing excessive grain growth. A SEM micrograph which displays the ;}
homogenized structure is shown in Figure Al. The grain size is approximately . K
60 microns. SEM energy-dispersive X-Ray analysis (EDAX) showed uniform Ti !?
content from grain to grain. Two types of grains were observed: a) those . j;

- showing no pull-outs (i.e., no impurity ceramic particles); these yrains werc

thought to nucleate in powder particles originally rich in Ti, the Ti
appearing to scavange interstitial impurities; and b) those showing
significant pull-outs, these grains were thought to nucleate in F“3A! powder
particles originally containing no Ti. It was considered ditticult to

identify the ceramic particles owing to their extremely small size (0.1-0.3

microns).

o . A



8 Figure Al. Microstructure of FeynTigAlpg in the As-Extruded-
1 PTus-11000C/1 week Heat-Treated Condition.
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‘ Fiaure A2. Microstructure of FeyoNijAlog in the 7s-Txtruded- (j:;
N PTus-1100°C/1 week Heat-Treated Condition. R
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2.2 Alloy 1-9 (3 a/o Ni)

This alloy was a blend of the Fe3Al and the I1-10 (10 a/o Ni) alloy and,
in the as-extruded condition, was not uniform with regard to Ni distribution.
After a homogenization treatment of 1100°¢ (2012°F) for 168 hours (one week),
the alloy was found to be homogeneous. The microstructure, shown in Figure
A2, was almost identical to that in homogenized I1-2 (5 a/o Ti) alloy. The
pull-outs were observed only in regions which were originally Fe3A|. The
regions which were originally Ni-rich did not show pull-outs but evidenced a
larger average grain size than regions which were originally Ni-free.

2.3 Alloy 1-13 (3 a/o Mo)

This was a blended alloy in which, by error, Cr and Mo were mixed. In
the as-extruded condition, Cr-rich and Mo-rich segregated islands were
observed in the microstructure; therefore, the decision was made to perform a
1100°¢ (2012°F)/168 hour (one week) homogenization treatment. SEM EDAX
analysis revealed the alloy to be homogeneous and contain a single phase. The
average grain size was determined to be approximately 100 microns.

3.0 SCREENING OF DO - B2 TRANSITION TEMPERATURES

The DO; FejAl phase transforms to the B2 FeAl phase at 540°C (1000°F).
Since the ternary additions in Fe3A1 were expected to change the transition
temperature Tc, and this change may have an effect upon the mechanical
properties, a decision was made to characterize this effect upon Tc. The
approach included determining whether Tc was higher or lower than 600% ¢
(11120 F) and, in cases where Tc was higher, to determine the approximate

temperature range in which Tc might fall.

3.1 Experimental Procedures

Small specimens of extruded (prealloyed) and extruded-plus-homogenized
(blended) alloys were held at 6000C (11120F) for one hour in vacuum and then

A4
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water quenched, Thin foils were prepared from these specimens for TEM
examination of the 003 and B2 domains. [f the observed DO3 domains were
extremely small (say less than 200 Angstroms), then it would indicate that
only quenched-in domains were present and, therefore, 600°C (1112°F) was above
the 003 - B2 phase boundary. However, if DO3 domains were to have a =
significant size (say 5000 Angstroms), then it would indicate that 600°C Y
(1112°F) was in the DO3 phase field. Some alloys indicated the latter; in
those cases specimens were held at 650°C (1200°F) for one hour and water
quenched, and thin foils were prepared for TEM examination. These steps were
repeated with the temperature being raised in 509¢ (90°F) intervals until TEM
examination revealed that the 003 - B2 boundary had been crossed.

R YU T SV T FTEEEY.T ..

For TEM examination the grains were tilted to produce (110)-zone
diffraction patterns. Phase-angle calculations indicated that the
superlattice reflections of the type {111} reveal contrast from both the DO3
and the B2 anti-phase domain boundaries, while {002} -type reflections reveal
contrast from only the B2 anti-phase domain boundaries.

3.2 Results

Since the number of alloys investigated was large, only representative
examples of TEM micrographs are presented in this Appendix. Figure A3
contains dark-field electron micrographs taken with g = (Ill) for specimens
quenched from 600°C (1112°F), 650° ¢ (1200°F) and 700°C (1292°F) for the I-14
alloy (6 a/o Mo); also included is the [110]-zone-axis diffraction pattern
for a specimen quenched from 600°¢C (1112°F).  similar diffraction patterns
were observed for the other two quenching temperatures, with no significant
differences being found in the intensities of the superlattic reflections
(fll) and (002). The DO3 domains are visible in these micrographs, and it can
be seen that they are slightly larger for 650°¢ (1200°F) than for 600°C
(IIIZOF); however, the domain size is very small in the 700°¢ (1292°F)

quenched specimen, It may be concluded, therefore, that up to 650°¢C (1200°F),
the alloy is in the DOy phase field and that at 700°C (1292°F) the D03 phase
. boundary is exceeded. Thus, Tc must fall somewhere between 6500C (1200°F) and
! 7009 (1292°r).
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Figures Ada and A4b contain (111) and (002) dark-field electrun
micrographs, respectively, for the I-16 alloy (5 a/o Ta} quenched from 600°C
(1112°F). Figure Ada shows extremely fine quenched-in 003 domains, while
Figure A4b shows large B2 domains. Thus, for this alloy, Tc was below 600°¢
(1112%). Figures A5a and A5b are (111) dark-field electron micrographs for
the I-1 alloy (1 a/o Ti) and the I-2 alloy (5 a/o Ti), respectively. Botn
alloys were quenched from 600°¢C (11120F); the former shows quenched-in DO,
domains indicating that Tc is below 600°¢C (1112°F), while the latter show;
large 003 domains with anti-phase domain boundaries parallel to certain
crystallographic planes. Therefore, addition of 5 a/o Ti in Fe3Al nct only
increases Tc but makes the anti-phase boundary energy highly anisotropic. (In
Fe3A1 the DO3 domain boundaries have no preference with respect to
crystallographic planes and exhibit random domain structure). For the 5 a/o
Ti alloy, the planes on which these boundaries lie were not determined.

The type of data included in the above examples was generated for the
remainder of the ternary alloys. A summary of the temperature range in which
Tc falls is given in Table AI. Also included in this table is the yield

strength of the ternary alloys determined at 600°C (1112°F). [t is apparent
from this table that a number of ternary additions increase Tc above 600°¢
(11120F); these are (in atomic percent additions): 5Ti, 5Cr, 6Mn, 12Mn, 10Ni,
3Mo, HAMo, 351, and 5Si. The greatest incease in Tc corresponds to a 5 a/o $1
addition. The strength at 600°¢C (11120F) showed little correlation with
changes in Tc values, e.g., 1 a/o Cr alloy (Alloy I-5) with Tc below 600°¢
(1112°F) exhibited higher strength, 354 Mpa (51.3 Ksi), than the 5 a/o Cr
alloy (Alloy 1-6), 273 Mpa (51.3 Ksi), with Tc falling betwean 600°9C (1112%F)
and 650°%¢ (1200°F). This suggests that factors other than the stabilization
of the DO3 phase to a higher temperature control the high temperature yield

strength.,

4.0 Precipitation Strengthening Potential in Fe. Al + Nb Alloys

in the as-extruded condition alloy 1-11 (2 3/0 Nb) and alloy 1-12 (% a‘o

Nb) exhibited a two-phase microstructure, as shown by the StM micrographs in

Figure Ab. The second phase is in the form of reasonably well distributed
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TABLE A I

SUMMARY OF T¢ DATA
(T for Fe3Al=540°C)

ALLOY T 0y at 600°C REMARKS
(°C) (KSI)

Fez4Al 55 Tig <600 43

Tig >600 36 HIGHLY CRYSTALLOGRAPHIC
DOMAIN BOUNDARIES
Vs _
OXIDATION PROBLEM
\Y) —_
10
Cr1 <600 51
Crg 600-650 39
Mng 650-700 38
Nig < 600
Niso 600-650 57 RELATIVELY SLUGGISH DOMAIN
GROWTH
Nb, < 600 61
2 TWO PHASES
Nbg <600 63
Moy 600-650 49
Mog 650-700 53
Ta, <600 54
Tag <600 66 TWO PHASES
Cu <600 25
5 TWO PHASES
Si 650-700 87
3 PREVIOUS WORK

Sig 700-725 77

_\_\\



AS-EXTRUDED Fe7qAlosNbs

Fiqure A6. Two-Phase Microstructure in FeBAl—Nh Alloys.
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}} particles and offers the possibility of precipitation strengthening. However,
LZ in order to exploit such a potential, it is important to characterize the

second phase and the matrix solubility of Nb at different temperatures and to
explore whether the second phase can be solutionized and reprecipitated in a
controlled manner. This portion of the report presents results of a study of
the precipitation behavior of these two alloys and also includes preliminary
tensile-strength data from room temperature to 700°C (1292°F).

4.1 Experimental Procedures

A number of heat treatments were carried out with the followiny
objectives: 1) to change the solute content in the matrix as a function of
temperature, 2) to dissolve the second phase, 3) to precipitate the second
phase in a controlled manner, and 4) to determine the thermal stability of the
precipitates. The details of the heat treatments are presented in the results
section.

Quantitative electron probe microanalysis (EPMA) was performed to
determine the chemistry of the second phase. X-ray and TEM were utiliczed to
determine the crystal structure of the equilibrium second phase and to
characterize the metastable intermediate phase (i.e., coherent precipitates’.
Finally, the alloy I-11 (2 a/o Nb), in which a uniform distribution of

coherent precipitates was produced by an aging treatment, was tested :n

four-point bending to determine its tensile strength up to 7009 (1292° ¢,

4,2 Results

4.2.1 Characterization of the Precipitation Behavior %

Quantitative EPMA performed on the second phase particles shown in ‘igure

A6 revealed the second phase to be approximately Fe56A119Nb25. for alloy !
1-12 (5a/0Nb), a number of heat treatments at temperatures ranginy fron TRy
(12929F) to 13500C (2462 F) were carried out to change the volume fraciion of

the particles as well as the Nb solute content in the matri«. The ND )

solubility in Fe3Al as a function of temperature, was determined by [PMA, q

Ale N

b
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however, subsequent results revealed that the heat treatment temperatures were .
in error. The correct results indicated a sufficient curvature in Nb ;
solubility with temperature to permit controlled precipitation. i
A large number of single-crystal TEM diffraction patterns generated from E
the second phase particles were analyzed to determine the crystal structure R
(Mr. Dennis Dimiduk of AFWAL/MLLM assisted in this portion of the research and s
analyzed the diffraction patterns). An example of a TEM bright-field image of R
a particle and associated diffraction patterns (two zone axes obtained by
tilting the same particle) are shown in Figure A7. The diffraction patterns
) could be self-consistently indexed based upon a hexagonal lattice and i
exhibited a crystal lattice which is isostructural with a known compound,
Fesz. X-ray diffraction peaks confirmed this analysis. Since the crystal
structure of the particles is complex and appreciably different from the
ordered BCC (003) structure of the matrix, a strong possibility exists that -

these particles, even when extremely small, are not coherent with the matrix.

Heat treatment studies were conducted on alloy I-11 (2 a/o Nb) to help in
defining the precipitation behavior in this material. Solution studies were i
conducted over the temperature range 700°C (1292°C) - 1350°% (24620F) and on
the hasis of these studies 1350°C (24620F) was selected as the solution heat
treat temperature. Alloy [-11 (2 a/o Nb) was held at 1350°¢C (2462°F) for two
hours, water-quenched, and subjected to different aging treatments at I
temperatures ranging from 650°¢C (1200°F) to 800°¢C (1472°F) and for times from '
1 to 192 hours. Figure A8 includes a bright-field transmission electron
micrograph showing the microstructure in a specimen quenched from 1350°¢ '
(2462°F). No evidence of precipitation was found; the background contrast i
originates from the thermal B2 anti-phase boundaries. The diffraction '
patterns in the quenched condition corresponded to the DO3 phase; appropriate
dark-field observations revealed the presence of extremely fine DO3 domains
enclosed hy larger B2 domain boundaries. I

The transmission electron micrographs in Figure A9 reveal the micro-

structure in a specimen which was aged at 700°¢C (12920F) for one hour after

the quenching treatment. Cnherent precipitates with modulated contrast can be .
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Figure A8. Microstructure in Fey3AlpgNby Quenched from
13500C/2 hr. No second-phase precinitates were

observed.
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observed in Figure A9a; the corresponding (111)-zone diffraction pattern,
Figure A9b, contains reflections corresponding only to the 003 phase. In
savera! other zones [e.g., (110), (100)], only 003-phase diffraction patterns
were observed with no extra reflections which could be associated with the
precipitates. Figure A9c is a (111) dark-field micrograph showing that the

b
)
|
»
k
A
E

particles as well as the small 003 domains in the matrix are illuminated.
However, dark-field examination using primary reflections did not illuminate
the particles. The absence of reflections other than those for the DO3 phase
and the illumination of the precipitates by the DO3 superlattice reflection
(111) indicate that the crystal structure of the precipitates is associated
closely with the 003 structure. Additional effort would be required to
determine the exact crystal structure of the precipitates.

When specimens were aged for longer times and/or at higher temperatures,
the coherent precipitates were no longer present; instead, large incoherent
particles were observed, as shown in Figure Al0, which corresponds to a
specimen aged at 750°¢ (1382°F) for 24 hours. Trace analysis revealed no
connection between the crystallographic growth directions of the coherent
precipitates and the large incoherent precipitates. The diffraction patterns
obtained from the large particles revealed a hexagonal, FeZNb-type crystal
structure. These data indicate that the small coherent precipitates belong to
a metastible phase; however, this phase is not a crystallographic precursor
of the large incoherent particles belonging to the equilibrium Fesz—type

phase.

Table AIl summarizes the results of different aging treatments conducted

to alter the precipitation behavior in alloy I-11 (2 a/o Nb). The data

include aging time and temperature, nature of the precipitate, and hardness
values. [t can be seen that the coherent particles are not stable at higher
temperatures and longer times (e.g., 100°¢ (12920 F)/192 hours, 750%¢C
] (1382°F)/24 nhours, 800°C (1472°F)/20 minutes). The hardness data indicate

that the coherent precipitates provide only a smali amount af hardening.
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e TABLE A 11

A

PRECIPITATION BEHAVIOR:
Fe73AlogNbo

< l,l.l‘l’l' l'l

HEAT TREATMENT NATURE OF PPT HARDNESS
(ROCKWELL 1/16 IN. BALL, 60 KG)

1350°C/2 HR-=WQ NO PPT 22,5 =
+ 650°C/4HR COHERENT 26
+ 650°C/24 HR COHERENT 25.5
+ 700°C/1 HR COHERENT 25 2
+ 700°C/8 HR COHERENT 24.5 -

+ 700°C/192 HR INCOHERENT LARGE

+ 750°C/1 HR COHERENT

+ 750°C/8 HR COHERENT 25
+ 750°C/24 HR INCOHERENT LARGE

+ 800°C/5 MIN NO PPT 21
+ 800°C/20 MIN INCOHERENT LARGE 21.5
+ 800°C/1 HR INCOHERENT LARGE

Al9




It was not possible to dissolve all second phase particles in alloy 1-12
(5 a/o Nb), even at temperatures as high as 1400°¢ (2552°F). Holding this
alloy at 1350°C (2462°F) for 2 hours, however, should produce an equilibrium
volume fraction of large Fesz-type particles and a wmatrix having
some Nb in solution. A lower temperature aging after quenching from 1350%C
(2462°F), therefore, should produce a microstructure consisting of 1large
Fesz-type particles and, in the matrix, fine coherent particles. Figure All
{a and b) contains microstructures obtained by such heat treatments. In the
quenched condition, Figure Alla, the darker grains (particles) are the
Fesz-type phase and the larger, lighter grains are the B2 phase; the grain
boundaries are free of precipitation. In the aged condition, Figure Allb,
additional precipitation of the stable phase occurred at the grain boundaries;
nowever, no coherent precipitates were observed in the grains. This suggests
that the aging temperature of 700°¢C (1292°F) is above the coherent solvus.
The reason for such behavior may be associated with the significantly smaller
grain size and consequent large grain boundary area in this alloy, as compared
with that in alloy I-11 (2 a/o Nb). An aging temperature lower than 700°¢C
(1292°F) may produce the coherent precipitates in the yrains.

4,2.2 Tensile Properties

The decision was made to obtain preliminary tensile-property data for
alloy I-11 (2 a/o Nb) containing the coherent precipitates in order to assess
the precipitation strengthening potential. Tensile data were generated by
four-point bend testing. Fiqgure Al2 shows the proportional-limit strength as
a function of test temperature (solid circles) for bend bars subjected to a
heat treatment of 1350°C (2462%F)/2 hours water quench + 700°C (1292°F)/2
hours air cool. The strength at room temperature is approximately 1379 Mpa
(200 Ksi), at 600°C (1112°F) is approximately 827 Mpa (120 Ksi), and at 700°C
(1292%F) is aporoximately 483 Mpa (70 Ksi). The total (elastic + plastic)
elongation at room temperature was determined to be 2.8%. The strength of the
as-extruded alloy (containing very large particles, Figure A6) is also shown
in Figure Al12 as well as that of unalloyed Fe3A\. These data indicate that
this alloy exhibits significant precipitation strengthening.

A20
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